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Background: Plasma concentration of natalizumab falls above the therapeutic threshold in many patients who, therefore, receive more natalizumab than necessary and have higher risk of progressive multifocal leukoencephalopathy.

Objective: To assess in a single study the individual and treatment characteristics that influence the pharmacokinetics and pharmacodynamics of natalizumab in multiple sclerosis (MS) patients in the real-world practice.

Methods: Prospective observational study to analyse the impact of body weight, height, body surface area, body mass index, gender, age, treatment duration, and dosage scheme on natalizumab concentrations and the occupancy of α4-integrin receptor (RO) by natalizumab.

Results: Natalizumab concentrations ranged from 0.72 to 67 μg/ml, and RO from 26 to 100%. Body mass index inversely associated with natalizumab concentration (beta = −1.78; p ≤ 0.001), as it did body weight (beta = −0.34; p = 0.001), but not height, body surface area, age or gender Extended vs. standard dose scheme, but not treatment duration, was inversely associated with natalizumab concentration (beta = −7.92; p = 0.016). Similar to natalizumab concentration, body mass index (beta = −1.39; p = 0.001) and weight (beta = −0.31; p = 0.001) inversely impacted RO. Finally, there was a strong direct linear correlation between serum concentrations and RO until 9 μg/ml (rho = 0.71; p = 0.003). Nevertheless, most patients had higher concentrations of natalizumab resulting in the saturation of the integrin.

Conclusions: Body mass index and dosing interval are the main variables found to influence the pharmacology of natalizumab. Plasma concentration of natalizumab and/or RO are wide variable among patients and should be routinely measured to personalize treatment and, therefore, avoid either over and underdosing.

Keywords: natalizumab, pharmacokinetics, pharmacodynamics, multiple sclerosis, α4-integrin, dose scheme, efficacy, progressive multifocal leukoencephalopathy PML


INTRODUCTION

Natalizumab is a recombinant humanized anti-α4-integrin antibody against the α subunit (CD49d) of α4 integrins [α4β1 (VLA-4) and α4β7], that prevents the extravasation of inflammatory leukocytes across the blood-brain barrier into the central nervous system (1, 2). Natalizumab is currently indicated as a single disease modifying therapy in highly active relapsing remitting multiple sclerosis (RRMS) (3–5). The drug reduces multiple sclerosis relapses very effectively; nevertheless, it is associated with progressive multifocal leukoencephalopathy (PML), a potentially fatal complication caused by the reactivation of latent John Cunningham virus (JCV). Established risk factors for PML include: the level of anti JCV antibodies in serum as assessed by an anti-JCV antibody index; the use of immunosuppressant therapy before natalizumab initiation; and the duration of natalizumab treatment (6, 7).

The mechanisms underlying the development of PML associated with natalizumab are not completely understood but in all likelihood include, among others, the inhibition of the trafficking of immune cells like antigen presenting cells and anti-viral Th1 lymphocytes to the central nervous system (8, 9), therefore hampering the elimination of the JVC. The magnitude of this extravasation blockade is almost certainly related to the degree of saturation of the α4-integrin. Since demonstrating the presence of a concentration-dependent increase of α4-integrin saturation (10, 11), the PML risk seems to be linked to natalizumab serum concentrations (12–14).

Natalizumab is approved at a fixed dose of 300 mg IV every 4 weeks for the treatment of RRMS in adult patients, allowing natalizumab concentrations to be maintained at levels which ensure continuous maximal α4β1 integrin receptor saturation (15). However, many monoclonal antibodies are dosed on an individual basis (16, 17).

Whereas in the AFFIRM trial the average concentration on the steady state ranged between 23 and 29 μg/ml (11). It is known that plasma concentrations of natalizumab between 1 and 2 μg/ml are enough for most patients to reach saturation of α4-integrin [>80% of receptor occupancy (RO)]. Also that receptor desaturation (saturation <50%) only happens when natalizumab serum concentrations fall below 1 μg/mL (18). This suggests that most patients are overdosed by following the approved guidelines. In addition, considerable variation in natalizumab levels was found among patients in several studies (5, 10, 11, 19) despite administering the same dosage. As a consequence, many clinicians throughout the world now utilize alternative dosing schedules, mainly the extended interval dose (EID), to the standard interval dose (SID) (20–22).

We believe that optimizing natalizumab doses for individual patients is necessary to avoid either relapses or side-effects of the drug. To achieve this, it is necessary to know the impact of different parameters, including: body weight, height, body surface area, body mass index (BMI), age, gender, treatment duration and dosing intervals which influence the pharmacology of natalizumab. However, very few studies (19) have considered, in the real-world practice, both the personal and treatment characteristics altogether in the pharmacokinetics (PK) and pharmacodynamics (PD) of this therapeutic antibody.



MATERIALS AND METHODS


Patients and Study Design

This study is a prospective, observational, nonrandomized, open-label study performed at La Princesa Hospital (Madrid, Spain). For the study were enrolled 32 patients receiving natalizumab for relapsing into various forms of RRMS between 2014 and 2019. The eligibility criteria were: a diagnosis of RRMS according to the applicable panel criteria (23), age of 18 years or older and receiving natalizumab treatment with a minimum of six consecutive infusions. Exclusion criteria were: patients who did not give their informed consent in writing to take part in the study, patients who did not follow the treatment and patients who did not meet the above criteria.

Blood samples were collected immediately prior to the next natalizumab infusion. For some analyses, patients were divided into two groups based on the time interval since the previous natalizumab infusion: SID (26–33 days) or EID (34–41 days). These ranges were chosen after considering the bibliography, in which an interval of 3.5–4.5 weeks was considered standard, and an interval of more than 5 weeks was considered as extended (19–21). Body surface area was calculated with the Du Bois formula (24) and BMI was calculated as body-weight/height2 (25). At least two serum samples and a maximum of four were drawn from each patient with a difference between samples of 1–5 months. Twenty three patients contributed with two samples, eight with three and one with four.

All samples were obtained at least 7 months after the first dose of natalizumab, therefore the drug had reached the steady state in all patients (10, 26). The longest time from the beginning of the treatment to the extraction of the peripheral blood samples was 54 months. In the case of SID and EID, the interval between sample collection and start of treatment is comparable (30.8 months for SID and 35.61 for EID) according to a two-sample t-test with equal variances, p-value = 0.1789. In total, 74 samples were collected: 30 corresponded to the SID group (40.54%), and 44 to the EID one (59.45%).

The study was classified as a “Postauthorization-Observational Study with drugs” by the Spanish Drug Agency and approved by the ethics committee of La Princesa Hospital (2634A; AMB-NAT-2015-01) and written, informed consent was provided by all research participants. Expanded disability scale score (EDSS), annualized relapse rate (ARRR), age, gender, body weight, treatment duration, and other clinical parameters were obtained from the Hospital medical records.



Natalizumab Serum Concentrations

Serum concentrations of natalizumab were measured at Sanquin Laboratories (Amsterdam) by an ELISA technique, previously described (27). Briefly, the technique requires specific polyclonal rabbit anti-natalizumab F (ab) 2 fragments as capture reagent and a mouse anti-human IgG4 (anti-hIgG4) monoclonal antibody for detection.



α4-Integrin Saturation (RO)

The RO was measured by flow cytometry with an anti-human IgG4-PE to reveal the binding of natalizumab to the surface of the lymphocytes. Three aliquots of whole peripheral blood were washed twice with phosphate-buffered saline to eliminate soluble IgG4 immunoglobulins present in the plasma of the patients to which anti-IgG4-PE could be bound. One of the aliquots was incubated with saturating natalizumab (10 μg/mL) for 1 h at 4°C temperature whereas the remaining two were kept in ice without natalizumab. After incubation, immunofluorescence was carried out against the following human molecules with the next panel of labeled antibodies: CD4-FITC, IgG4-PE, CD19-PerCP, CD3-V500, and CD8-APC-H7 (BD Biosciences, San José, CA). One of the tubes without natalizumab was used for fluorescence minus one (FMO)-PE control. The incubation was made in darkness for 30 min at 4°C. Then, red blood cells were lysed with FACS lysing solution (BD Biosciences, San José, CA) for 10 min and the remaining leukocytes were suspended with phosphate-buffered saline−1% fetal calf serum. The percentage of the different lymphoid subsets and the mean fluorescence intensity (MFI) of the PE signal were measured with a FACSCanto II flow cytometer (BD Biosciences, San José, CA) collecting 100,000 nucleated events. The percentage of natalizumab saturation was calculated from the MFI in each sample by the following formula: MFI – hIgG4-PE signal (without natalizumab)/MFI – hIgG4-PE signal (with natalizumab) × 100.



Statistics

Sample size predetermination was focused on the association between RO and plasma levels. Assuming a minimum correlation = 0.50, an alpha risk of 0.05 and a beta risk of 0.20, we obtained a sample of 30 patients.

Variables analyzed included serum concentration of natalizumab, α4-integrin saturation (RO), weight, height, body surface area, BMI, age, gender, time to treatment start, and dose scheme [either as continuous or categoric variable (SID vs. EID)].

Descriptive analysis of the sample: quantitative variables were described by their measures of central tendency (mean) and dispersion (standard deviation); qualitative variables were described by their proportion and number of patient. Differences of mean were analyzed by t-test. Homoscedasticity was tested with Levened and since the t-test is a robust test (n ≥ 30), normality was not checked. Heteroscedasticity variables were analyzed with an unequal variance t-test. Spearman's correlation (rho) was used for association analysis of quantitative variables. A linear regression model was applied to control for possible confounding variables. A 95% CI was calculated for all estimates. A p < 0.05 was considered statistically significant. All analyses were performed using Stata version 13.




RESULTS


Patient Demographics

The 32 patients enrolled for the study experienced at least 1 relapse in the previous 12 months before being treated with natalizumab and their characteristics are summarized in Table 1.


Table 1. Patient demographic and clinical characteristics.

[image: Table 1]

According to the Expanded Disability Status Scale (EDSS) (23), 26 patients (81.25%) presented mild to moderate impairment (EDSS ≤ 4), while 6 (18.75%) patients presented mild to moderate disability (EDSS between 4 and 7): no patient exceeded (EDSS > 7) thus unable to walk beyond ~5 m. The mean (SD) EDSS score at the start of the study was 2.599 ± 1.520 while at the end it was 2.484 ± 1.486.

No participant missed a scheduled dose of natalizumab and all patients received the full 300 mg dose. There were no major adverse events that could have prevented the administration of a dose to a patient. All patients were radiologically stable and did not relapse during the study.



Natalizumab Serum Concentrations

The serum concentration of natalizumab was highly varied, ranging from 0.72 to 67 μg/ml: the concentration was constant over time for the same patient and most individuals. A variation in concentration of more than 15 ug/ml was observed in four patients. The rest of the patients had quite a good concordance in serum concentrations amongst samples from the same individual. However, variation among serum natalizumab concentrations between one individual and another were high, ranging from 1–2 to 50 or more μg/ml.

In view of these observations, we analyzed individual factors which could affect the PK and PD of natalizumab, including body weight, height, body surface area, BMI, age, gender, dose scheme, and duration of treatment.

Among individual characteristics, we found a negative linear relationship between serum concentrations of natalizumab and patient body weight (rho = −0.404; p < 0.001; Figure 1A), body surface area (−0.3624; p = 0.0015; Figure 1B), and BMI (−0.4933; p = 0.0000; Figure 1C), when considered as continuous variables. Similarly, when we analyzed the correlation between serum concentration and the interval between doses in each sample we saw a slight negative correlation between post-infusion days and plasma concentration of natalizumab (rho = −0.2389; p = 0.0403; Figure 1D). This correlation between body weight and natalizumab concentrations was seen with similar strength in both treatment schemes (SID rho = −0.41 p < 0.04 vs. EID rho = −0.42 p < 0.002; data not shown).


[image: Figure 1]
FIGURE 1. Natalizumab serum concentration correlation to (A) body weight, (B) Body Surface Area (BSA), (C) Body Mass Index (BMI), and (D) scheme doses. Natalizumab concentration was measured with ELISA as described by Rispens et al. in 74 samples from 32 patients. Spearman's correlation (rho) was used for association analysis of quantitative variables.


Multivariate analysis confirmed that body weight, BMI and dose interval influence the serum levels of natalizumab (Tables 2, 3).


Table 2. Multivariate analysis for drug serum levels and body weight (variables are considered as continuous).
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Table 3. Multivariate analysis for drug serum levels and BMI (variables are considered as continuous).
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Finally, we found a weak association between natalizumab serum concentration and patient age (p = 0.033; data not shown) while the duration of the treatment did not influence the serum levels of the drug (data not shown).



α4-Integrin Receptor Occupancy

To evaluate the PD of natalizumab we measured the RO in the T-cells from the peripheral blood of patients by using flow cytometry. Just as with natalizumab concentrations we analyzed the impact of different individual characteristics as well as the scheme of treatment on the RO of natalizumab.

The evaluation of natalizumab occupancy of α4-integrin also revealed high variability among patients, ranging from 44 to 100% (data not shown). Natalizumab occupancy of α4-integrin was weakly inversely related to the body weight when the whole cohort was considered (rho = −0.28; p = 0.02; Figure 2A). Similar correlations were obtained with both body surface area and BMI (rho = −0.2885; p = 0.0127; rho = −0.2232; p = 0.0559; Figures 2B,C). When patients were divided on SID or EID scheme of treatment, natalizumab occupancy of α4-integrin was related to body weight only in those patients treated with the EID scheme (rho = −0.416, p = 0.003). Actually, most patients with values of RO below 70% were high weight individuals from the EID scheme. In addition, the treatment scheme did not influence the RO, either as a categorical (SID or EID: 88.41 vs. 85.67, p = 0.367) or continuous variable (rho = 0.02; p = 0.853; Figure 2D).


[image: Figure 2]
FIGURE 2. Correlation of receptor occupancy of α4-integrin by natalizumab to (A) body weight, (B) Body Surface Area (BSA), (C) Body Mass Index (BMI), and (D) scheme doses. The receptor occupancy of natalizumab was measured by flow cytometry, with an anti-human IgG4-PE, by revealing the binding of natalizumab to the surface of the lymphocytes in 74 samples from 32 patients. Spearman's correlation (rho) was used for association analysis of quantitative variables.


Similarly, the age, gender or treatment duration were not related to the RO neither considering patients as a whole cohort nor divided by the SID or EID scheme of treatment (data not shown). The multivariate analysis confirmed the inverse association between RO and body weight (beta = −0.31; p = 0.001) and BMI (beta = −1.39; p = 0.001; Tables 4, 5).


Table 4. Multivariate analysis for receptor occupancy of α4-integrin and body weight (variables are considered as continuous).
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Table 5. Multivariate analysis for receptor occupancy of α4-integrin and BMI (variables are considered as continuous).
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The Receptor Occupancy Depended on the Serum Concentration of Natalizumab

Finally, we wanted to confirm the dependence of the RO on the plasma concentration of natalizumab in our cohort of patients. A weak association was found between both parameters in the cohort of patients (rho = 0.256, p = 0.027; Figure 3); in the case for male patients (rho = 0.477, p = 0.019); in the group of patients above 40 years old (rho = 0.453, p = 0.04); and in the EID scheme (rho = 0.416, p = 0.003). A multivariate analysis confirmed that the higher the natalizumab concentration the higher the RO adjusted of gender, age and scheme of treatment (Table 6).


[image: Figure 3]
FIGURE 3. Receptor occupancy of α4-integrin by natalizumab correlates to natalizumab serum concentration. Natalizumab concentration was measured with ELISA as described by Rispens et al. The receptor occupancy of natalizumab was measured by flow cytometry with an anti-human IgG4-PE, by revealing the binding of natalizumab to the surface of the lymphocytes in 74 samples from 32 patients.



Table 6. Multivariate analysis confirming the relation between natalizumab concentration and receptor occupancy of α4-integrin.
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The weak association between RO and plasma levels of natalizumab in the whole cohort was due to the fact that for over 10 μg/ml there was no correlation between RO and plasma concentration of natalizumab (Figure 3). In the light of this, correlations of up to 10 μg/ml and above 10 μg/ml were calculated separately: the values were for up to 10 μg/ml rho = 0.58 (p = 0.006) and above 10 μg/ml rho = 0.23 (p = 0.091). Moreover, the cut-off point with the highest statistic correlation between both parameters was 9 μg/ml (rho = 0.71; p = 0.003).




DISCUSSION

Our study adds insights on how the individual characteristics of the patients which mostly influence the PK (natalizumab serum concentration) and the PD (natalizumab RO) of natalizumab in 32 effectively treated RRMS patients for a long period of time with no major adverse reactions (data given in Table 1).

The long-standing experience reached with natalizumab in clinical trials and in observational studies offers strong evidence of its effectiveness in RRMS patients (3–5). However, there has been some concern for the patient safety since natalizumab was linked to some cases of PML (6, 7). Established risk factors for PML include the level of anti JCV antibodies in serum as assessed by anti-JCV antibody index, the use of immunosuppressant therapy before natalizumab initiation, and the duration of natalizumab treatment (6, 7). Moreover, it is more than likely that the EID scheme would develop this severe disease to a lesser extent and that this scheme could effectively control the RRMS in the same way. To confirm this possibility several studies were carried out by different authors (11, 18–22, 27–29). Currently, there are two clinical trials in this field, one assessing the effect of a planned 12-week dosing interruption on the drug PK (NCT04048577), and another to evaluate the impact of switching the patients from SID to EID on the effectiveness of natalizumab (NCT04580381).

The evaluation of natalizumab serum concentrations in our patients revealed a broad range (over 60-fold) of values, showing the pharmacological variability that exists among patients. The majority of patients had concentrations of 5 μg/ml or greater, including two patients with concentrations >50 μg/ml. This means that most patients were over-treated (19, 20), since concentrations higher than 5 μg/ml were related to complete saturation of the α4-integrin in most patients. This could increase the patient's risk of developing PML (29).

Our data demonstrate that serum concentration of natalizumab is inversely related with patient's weight, in agreement with previous studies (19, 30, 31), as well as with body surface area and BMI. Therefore, these parameters should be taken into consideration when deciding the scheme for natalizumab.

Similar to other studies the treatment scheme also impacted the plasma concentration of natalizumab, that was higher in the SID scheme (19, 21, 22). The selected patients from the SID group could, therefore, switch to the EID group since no patient relapsed during the study. Several studies after natalizumab discontinuation indicate that MS disease activity is suppressed for at least 6 weeks after the last administration of the drug (12, 14). Furthermore, 2 retrospective studies have suggested that natalizumab efficacy is not compromised by EID regimens (21, 22).

When stratified by gender, natalizumab serum concentrations were lower in men, both in the whole cohort and in the different dose schedules. However, no effect of gender was observed in the multivariate analysis, suggesting that those differences were actually related to weight differences between the sexes. Treatment duration did not influence the natalizumab serum concentrations, which is in line with other study (31). These findings reopen the discussion on whether a longer course of treatment could be supported without increasing the risk of PML (32, 33).

Regarding natalizumab RO, it has always been assumed that values between 70 and 80% were necessary for optimal drug efficacy. However, different studies show that much lower levels (around 20%) would be enough to keep the patient without significant disease activity (18, 34). This is supported by our study here where we found RO values under 70% and even some under 60% in stable patients.

In the individual characteristics that affect the RO, we found that occupancy of α4-integrin is weakly inversely related to the body weight and BMI when the whole cohort was considered. The fact that most patients were beyond saturation levels may explain the low significance, in accordance with a previous study (10). The relationship of RO and body weight found in the whole cohort was only maintained in the EID cohort, this may be due to the fact that many of our samples for EID were from heavier patients. There are no significant differences in RO values when dividing patients by the scheme of treatment, in contrast with other studies whereby those were greater in SID (19, 21). This may be a reflection of our study design, in which the EID samples were collected at ~5 weeks post infusion (Table 1), while in these other studies the time was longer, around 6 weeks. This would mean that the treatment could be extended at least 1 week without significant changes in RO.

Finally, in our cohort of patients we confirmed and characterized the correlation between the RO and the plasma concentration of natalizumab. In fact, we have described that a concentration of natalizumab of 9 μg/ ml is the cut-off point where the strongest correlation between these variables: when the natalizumab concentration increases, the α4ß1-integrin saturation increases rapidly from ~40% to 80%, but the curve flattens beyond this value. In other studies this cut-off was established at 10 μg/ml (10). It appears that physicians should avoid concentrations higher than 9 μg/ml because there is no PD advantage or clinical benefits. Furthermore, we should seek lower concentrations to obtain even lower RO values since RO values below 50% have been sufficient to keep patients without radiological and clinical disease activity, either in our study or others (18, 34). Nevertheless, we are conscious that stability on MRI and lack of clinical relapses in the short term of observation are unequivocally not identical to lack of clinical progression, neurodegeneration, and axonal loss over the longer term.

In summary, with the current approved fixed dose, there is a wide pharmacological variability between patients that prescribing clinicians should be aware and take into account. Among the individual characteristics, body weight, BMI, and the treatment scheme, had a significant impact on the pharmacology of natalizumab. In addition, RO strongly depends on natalizumab serum concentrations up to ~9 μg/ml while higher concentrations result in the saturation of the integrin in most patients. As a consequence, the majority of our patients were overtreated. Conversely, testing levels may be extremely useful to prevent inadvertent underdosing of patients, specifically those in whom extended dosing is exhibited. The possibility of underdosing should dominate clinical concerns in this group of patients. To pursue these possible outcomes larger studies will be necessary.

In summary, the authors strong argue that either the RO and/or the serum concentration of natalizumab should be routinely measured in every patient, with the aim of personalizing treatment without loss of efficacy.
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Objective

To explore if baseline blood lymphocyte profile could identify relapsing remitting multiple sclerosis (RRMS) patients at higher risk of developing secondary autoimmune adverse events (AIAEs) after alemtuzumab treatment.



Methods

Multicenter prospective study including 57 RRMS patients treated with alemtuzumab followed for 3.25 [3.5-4.21] years, (median [interquartile range]). Blood samples were collected at baseline, and leukocyte subsets determined by flow cytometry. We had additional samples one year after the first cycle of alemtuzumab treatment in 39 cases.



Results

Twenty-two patients (38.6%) developed AIAEs during follow-up. They had higher B-cell percentages at baseline (p=0.0014), being differences mainly due to plasmablasts/plasma cells (PB/PC, p=0.0011). Those with no AIAEs had higher percentages of CD4+ T cells (p=0.013), mainly due to terminally differentiated (TD) (p=0.034) and effector memory (EM) (p=0.031) phenotypes. AIAEs- patients also showed higher values of TNF-alpha-producing CD8+ T cells (p=0.029). The percentage of PB/PC was the best variable to differentiate both groups of patients. Baseline values >0.10% closely associated with higher AIAE risk (Odds ratio [OR]: 5.91, 95% CI: 1.83-19.10, p=0.004). When excluding the 12 patients with natalizumab, which decreases blood PB/PC percentages, being the last treatment before alemtuzumab, baseline PB/PC >0.1% even predicted more accurately the risk of AIAEs (OR: 11.67, 95% CI: 2.62-51.89, p=0.0007). The AIAEs+ group continued having high percentages of PB/PC after a year of alemtuzumab treatment (p=0.0058).



Conclusions

A PB/PC percentage <0.1% at baseline identifies MS patients at low risk of secondary autoimmunity during alemtuzumab treatment.​
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Introduction

Alemtuzumab (Lemtrada®; Sanofi, Paris, France) is a humanized monoclonal antibody approved for the treatment of relapsing-remitting multiple sclerosis (RRMS). It is administered as two annual courses and proved to be efficacious for patients with highly inflammatory disease, resulting in prolonged remission periods (1).

Alemtuzumab targets CD52, a molecule expressed at high levels by T and B lymphocytes (2). It causes a selective depletion of these cells via antibody and complement dependent cytotoxicity and apoptosis (3). T and B-cell repopulation begins within weeks, with a distinctive pattern; B cells undergo faster repopulation, while T cells remain depleted longer (4). Repopulation associates with increases of regulatory CD56bright natural killer (NK) cells (2), and regulatory T cells and with a reduction of the production of pro-inflammatory cytokines (5). This can explain the long duration of clinical effects in the absence of continuous treatment. As a counterpart, frequent adverse events associated with alemtuzumab include infusion-associated reactions, infections, and mainly autoimmune adverse events (AIAEs) (6, 7). The most frequent AIAEs are those involving the thyroid gland, observed in about 38% of patients treated with alemtuzumab (8). Other secondary AIAEs initially described in the clinical trials included immune thrombocytopenia and nephropathies. In the post-marketing setting, new ones have also been reported (9, 10). These side effects, although mild in most cases, limit the use of this drug. Therefore, reliable biomarkers predicting patient individual risk for developing autoimmunity, and hence, guide patient selection for this particular therapy, would be of great clinical importance.

We aimed to explore if the blood lymphocyte profile before alemtuzumab treatment initiation and after a year of treatment could identify MS patients at high risk of AIAEs.



Materials and Methods


Study Design

This was a multicenter prospective longitudinal exploratory study including 59 patients diagnosed with RRMS according to 2010 McDonald criteria (11) who were initiating treatment with alemtuzumab. Patients were consecutively recruited in five Spanish hospitals.



Patients

Patients were followed for 3.55 [3.25-4.21] years (median [25%-75% interquartile range (IQR)]) after alemtuzumab treatment initiation. All patients received two courses of alemtuzumab (12 mg/d IV on five consecutive days at baseline and 12 mg/day IV on three consecutive days 12 month later). Five patients received an additional course for presenting new clinical relapses after the second course. Clinical and demographic data of patients at study inclusion are described in Table 1.


Table 1 | Clinical and demographic features of patients.





Patient Follow-Up

Patients were evaluated every three months to assess the appearance of new AIAEs, the occurrence of new relapses and the Expanded Disability Status Scale (EDSS) score. MRI scans were performed at baseline and yearly after treatment initiation. Analytical tests, including blood count, serum analyses of renal and thyroid function were performed monthly, while the presence of anti-glomerular basement membrane and anti-thyroid antibodies (including anti-thyroid peroxidase, anti-thyroglobulin and anti-thyroid-stimulating hormone receptor) was tested every three months.

Patients were trained to recognize symptoms suggestive of AIAEs early, and promptly inform the treating physician. AIAEs were defined as the appearance of any autoimmune events during follow-up, with special attention paid to thyroid-associated events, immune thrombocytopenia and autoimmune nephropathy.



Sample Collection

Blood samples were collected before initiating alemtuzumab and in 39 cases, one year after. Peripheral blood mononuclear cells (PBMCs) were obtained from heparinized whole blood (20 mL) by Ficoll density gradient centrifugation (Abbott) and cryopreserved in aliquots of 5x10 (6) cells until studied. Aditionally, fresh blood was collected in an EDTA tube to explore total cell counts in a Coulter counter.



Monoclonal Antibodies

Leukocyte subpopulations were assessed using the following monoclonal antibodies: CD3-PerCP, CD3-BV421, CD4-APC-H7, CD8-FITC, CD8-APC-H7, CD14-APC-H7, CD19-PE-Cy7, CD20-FITC, CD24-FITC, CD25-PE-Cy7, CD27-PE, CD38-APC-H7, CD45-V500, CD45RO-APC, CD56-APC, CD127-BV421 and CCR7-PE. Intracellular cytokines were stained using the next panel: Interleukin (IL)-10-PE, Interferon (IFN)-gamma-FITC, Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF)-PE, Tumor necrosis factor (TNF)-alpha-PerCP-Cy5.5 and IL-17A -APC. All monoclonal antibodies were purchased from BD Biosciences, except IL-17A-APC, from R&D Systems.



Flow Cytometry Analyses

To study surface antigens, cells were stained with the respective monoclonal antibodies during 30 min at 4°C in the dark, washed with saline and analyzed in a FACSCanto II flow cytometer (BD Biosciences), as described before (12).

For intracytoplasmic cytokine detection, cells were stimulated with phorbol-12-myristate-13-acetate (PMA, Merck) and Ionomycin (Merck), in presence of Brefeldin A (GolgiPlug, BD Biosciences) and Monensin (GolgiStop, BD Biosciences), and then incubated 4 h at 37°C in 5% CO2 atmosphere. For the analysis of IL-10 producing B cells, PBMC were incubated prior to stimulation with CpG oligonucleotide (InvivoGen) for 20 h. After incubation, surface markers were stained, then the cellular membrane permeabilized with Cytofix/Cytoperm Kit (BD Biosciences), and incubated with intracellular antibodies, following the same protocol previously described (12).

Cells were analyzed using FACSDiva Software V.8.0 (BD Biosciences). A minimum amount of 5x10 (4) events were acquired. Gating strategy is defined in Figure 1.




Figure 1 | Gating strategy showing representative images for flow cytometry analysis. Peripheral blood mononuclear cells (PBMC) were first gated for excluding debris and apoptotic cells (gate P1) and duplets (gate P2). Lymphocytes were recognized by CD45 staining and low SSC (gate Lymph). Monocytes were recognized as CD14++ cells with intermediate SSC (gate Mon). B cells were detected by the expression of CD19 (gate B lymph) and subdivided by CD27 staining into memory cells: CD27+ (gate Mem B), naïve: CD27- (gate Naïve), plasmablasts/plasma cells: CD27hi, CD38hi (gate PB/PC), and transitional B cells: CD27-, CD38hi, CD24hi, (gate Trans B). Total CD4+ T cells were identified as CD3+ CD8- T cells (gate CD4), and CD8+ T cells were gated as CD3+ CD8++ cells (gate CD8). CD4 and CD8 T cells were classified as naïve: CCR7+ CD45RO− (gate Naïve), central memory: CCR7+ CD45RO+ (gate CM), effector memory: CCR7− CD45RO+ (gate EM), and terminally differentiated: CCR7− CD45RO− (gate TD). CD4+ T regulator cells were identified as CD25hi and CD127-/low (gate Treg). NK cells were identified based on their CD56 expression intensity and CD3 co-expression into CD56+ CD3- (gate NK), CD56+ CD3+ (gate NKT), and CD56++ CD3- (gate CD56++). FSC-A= Forward Scatter-Area; FSC-H= Forward Scatter-Height; SSC-A= Side Scatter-Area.





Statistical Analysis

Data were analyzed using the Prism 8.0 (GraphPad Software) and Stata 14 (StataCorp) statistical packages. Mann–Whitney U tests were used to explore continuous variables. ROC curves were used to establish cut-off values and Fisher’s exact tests to analyze categorical variables. p values below 0.05 were considered as significant.

The missing data were not imputed since the proportion was less than 10% in all variables and we can assume that they were missing completely at random.



Standard Protocol Approvals, Registrations, and Patient Consents

The study was approved by the ethics committee of the Ramón y Cajal University Hospital. All patients signed a written informed consent form before inclusion.




Results

Fifty-nine RRMS patients initiating alemtuzumab were included. To avoid bias due to previous autoimmune diseases, one patient was excluded for presenting previous autoimmune pathology. One patient was lost during follow-up. Fifty-seven RRMS patients were finally studied. Twenty-two (38.6%) experienced AIAEs during follow-up. Twenty-one of them presented autoimmune thyroid alterations, and the remaining one developed autoimmune thrombocytopenia. No significant differences were found in clinical and demographic characteristics at baseline or during follow-up between patients showing AIAEs (AIAEs+) and patients who did not develop AIAEs (AIAEs-) (Table 2).


Table 2 | Clinical and demographic characteristics of patients classified according to the appearance of autoimmune adverse events.




Flow Cytometry Analyses

We studied leukocyte profiles at baseline. Results are shown in Tables 3 and  4. When exploring innate immunity, represented by monocytes and NK cells, no significant differences in cellular percentages were observed between AIAEs+ and AIAEs- patients. We did not find differences either in regulatory T and NK as well as in IL-10 producing B and T cells. By contrast, there was an increase in the percentages of CD4+ T cells (p=0.012) in AIAEs- group, mainly due to effector memory (EM, p=0.031) and terminally differentiated (TD, p=0.034) subsets. In addition, AIAEs-patients showed an augment of CD8 T cells producing TNF-alpha (p=0.03). However, the highest differences between AIAEs+ and AIAEs- patients was found in B cells (Figure 2). Those acquiring AIAEs showed higher percentages of B cells (p=0.0014), being differences mainly due to plasmablasts/plasma cells (PB/PC, p=0.0011) and to a lesser extent to naïve cells (p=0.013). No significant differences were found in other B cell subsets or in cytokine producing B cells.


Table 3 | Percentages of peripheral blood mononuclear cells at baseline.




Table 4 | Percentages of T and B cells producing pro-inflammatory cytokines at baseline.






Figure 2 | Percentages of cell subsets classified according to the presence or absence of adverse autoimmune events (AIAEs). Percentages of total B cells (A, D), naïve B cells (B, E) and plasmablasts (C, F) at baseline (A–C) and at 12 months of alemtuzumab treatment onset (D–F) in 22 patients who developed AIAEs (+) and 35 who did not (-). All percentages are relative to total peripheral blood mononuclear cells. Median values and 25%-75% interquartile range are shown in plots. p-value were obtained using Mann–Whitney U test. ns, not significant.



We measured absolute cell counts in all lymphocyte subsets associated with autoimmunity. The relative augment of PB/PC present in AIAEs+ patients was also found when exploring total cell numbers (p=0.024). No significant differences in absolute cell numbers were found in any other cell subset (Supplementary Table 1).

Finally, we explored if changes observed at baseline remained after a year of alemtuzumab treatment. We studied PBMCs obtained before administering the second cycle of the drug in 39 of the patients studied at baseline (13 of AIAEs+ group and 26 of the AIAEs- one). Results are shown in Table 5. PB/PC remained high in AIAEs+ patients a year after administering the first alemtuzumab cycle (p= 0.0058). Representative examples are shown in Figure 3. No differences were observed in other cell subsets at this point.


Table 5 | Percentages of cell subsets one year after first cycle of treatment in patients with secondary autoimmunity who had associations with baseline subsets.






Figure 3 | Representative dot plots showing plasmablasts/plasma cells percentages from a AIAEs+ and AIAEs- patient at baseline and after one year of treatment. Percentages of plasmablasts/plasma cells from a AIAEs+ patient at baseline (A) and after a one year of treatment (B) and from a AIAEs- patient at baseline (C) and after one year of treatment (D). Percentages are relative to total peripheral blood mononuclear cells.



Our data suggest that the percentages of PB/PC at baseline could be a good tool to identify patients with low risk of autoimmunity when treated with alemtuzumab. To address this issue we performed a ROC curve analysis [area under the curve (AUC)=0.75, p=0.001; sensitivity=77.1, specificity=63.6] and established a cut-off value of 0.10. Fourteen out of 22 patients presenting AIAEs but only eight of the 35 AIAEs- patients had a percentage of PB/PC higher than 0.10 [Odds ratio (OR) 5.91, 95% CI 1.83-19.10, p=0.004, Figure 4A]. To improve the sensitivity of the assay, we next explored if the heterogeneity found in AIAEs group could be related to previous treatment, since it has been described that natalizumab diminishes the concentration of blood plasmablasts (13, 14). We found that five of the eight AIAEs patients who presented a percentages of PB/PC at baseline <0,1%, received natalizumab as the last treatment prior to alemtuzumab. In fact, PB/PC percentages did not differ in patients previously treated with natalizumab who showed or not AIAEs [AIAEs+ median (IQR)=0.07 (0.06-0.09); AIAEs- median (IQR)=0.05 (0.05-0.07), p=ns]. We explored the effect of the previous treatment with natalizumab in other leukocyte subsets, and did not find any significant changes from our results with the whole cohort.




Figure 4 | Number of patients with (+) and without (-) autoimmune adverse events (AIAEs) classified according to plasmablasts/plasma cells percentages before alemtuzumab treatment initiation. (A) Analysis performed in all patients included in the study (n=57); (B) Analysis performed excluding patients who received natalizumab as the last treatment before alemtuzumab (n=45). AIAES, autoimmune adverse events; PB/PC, plasmablasts/plasma cells; N, number; OR, odds ratio; CI, confidence interval. ROC curves were used to establish cut-off values. p-value was obtained using Fisher’s exact tests.



As a consequence, we performed a new ROC curve analysis on the PB/PC percentages excluding patients who received natalizumab as the last treatment before alemtuzumab. This improved the results (AUC 0.80, p=0.0007; sensitivity=75.0, specificity=82.4). The best cut-off value was again 0.1. Results of the new analysis clearly improved those obtained with the whole cohort (OR=11.67 95% CI 2.62-51.89, p=0.0007, Figure 4B).




Discussion

The search for biomarkers predicting the appearance of new AIAEs after alemtuzumab treatment is of the utmost importance, since these side effects limit the use of this drug, which has proven to be very efficacious in patients with highly active MS (1).

The data obtained in the pivotal phase III trials suggested that the pattern of T- and B-cell depletion and repopulation following alemtuzumab could influence the appearance of secondary autoimmunity (15). However, repopulation kinetics of the peripheral lymphocyte subsets are comparable between patients with or without AIAEs (16).

On the other hand, high serum levels of IL-21, a cytokine promoting T and B-cell differentiation and antibody production, were proposed as predictors of secondary autoimmunity after alemtuzumab treatment (17–19). However ulterior analyses limited its use as a biomarker since there is some overlapping between patients who develop AAIEs and those who not, and detection tests currently available could not distinguish accurately between both groups of patients (20). Likewise, pre-treatment presence of serum anti-thyroid autoantibodies associated with increased risk for clinical onset of thyroid autoimmunity after alemtuzumab treatment (21), but this biomarker would only benefit a small group of patients.

MS is a heterogeneous disease with different immunological mechanisms playing a main role in the inflammatory response (22). Our group focused on studying the immune cell profile before alemtuzumab treatment, assessing both the absolute counts and percentages of the peripheral blood mononuclear cells.

Patients who later developed autoimmunity presented some subtle differences at baseline on T cells, including lower percentages of CD4+ T cells, particularly of terminally differentiated and effector memory cells, and also lower values of CD8+ T cells producing TNF-alpha.

The highest differences were found on B cells, particularly in plasmablasts/plasma cells (PB/PC), which were significantly higher at baseline on patients who later developed autoimmunity. These effector cells, which produce immunoglobulins at a high rate, were implicated in autoimmune responses in MS, where some blood plasmablasts are autoreactive and recognize brain gray matter antigens, what produces and perpetuates an autoimmune response directed toward neurons (23).

When exploring the ability of these cells to predict secondary autoimmunity at baseline, we found that this was not the case in patients treated previously with natalizumab, who mostly presented a lower percentage of plasmablasts. This agrees with previous data showing that natalizumab and no other disease modifying drugs diminish the percentages of plasmablasts in blood (14, 15, 24).

We also observed that those patients who presented at baseline a lymphocyte profile associated with a high probability of developing AIAE, one year after the first cycle of treatment continued presenting high percentages of PB/PC. This may be due to the poor expression of CD52, the target molecule of alemtuzumab, in plasmablasts (25) and mostly in antibody secreting cells (26), which may minimize the effect of this drug in these B cell subsets.

Naïve B cell repopulation is completed about six months after administrating alemtuzumab, while that of CD8+ T cells lasts for a year and reconstitution of memory B cells and of CD4+ T cells and may last more than two years (6, 15). Additionally, the ratios between activated and regulatory cells seem to decrease in patients treated with alemtuzumab during reconstitution (27). This may contribute to the long quality responses reached after the administration of this drug and to the delay in the onset of secondary autoimmunity (6–8). However, when repopulation is completed, the proportion of regulatory T, B and NK cells decreases in patients treated with alemtuzumab (27). The coincidence of lower values of regulatory cells with high numbers of plasmablasts may increase the risk of developing other antibody-mediated autoimmune diseases, as those mainly occurring after alemtuzumab treatment (8). This was observed in our series, where baseline percentages of plasmablasts > 0.10 clearly predicted a higher risk of secondary autoimmunity after alemtuzumab. These data suggest that the immunological mechanisms predominating in individual patients not only influence the response to treatment in MS (28) but can have a clear influence on the side effects.

Although these findings should be validated in larger cohorts with longer follow-up periods, our results suggest that to assess baseline percentages of plasmablasts could be a useful tool to identify MS patients at high risk of autoimmunity upon alemtuzumab treatment, with the limitation of previous treatment, since PB/PC percentages should not be assessed in patients receiving Natalizumab as the last drug before Alemtuzumab initiation.
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Background

Previous studies have suggested essential roles of growth factors on the risk of Multiple Sclerosis (MS), but it remains undefined whether the effects are causal.



Objective

We applied Mendelian randomization (MR) approaches to disentangle the causal relationship between genetically predicted circulating levels of growth factors and the risk of MS.



Methods

Genetic instrumental variables for fibroblast growth factor (FGF) 23, growth differentiation factor 15 (GDF15), insulin growth factor 1 (IGF1), insulin-like growth factor binding proteins 3 (IGFBP3) and vascular endothelial growth factor (VEGF) were obtained from up-to-date genome-wide association studies (GWAS). Summary-level statistics of MS were obtained from the International Multiple Sclerosis Genetics Consortium, incorporating 14,802 subjects with MS and 26,703 healthy controls of European ancestry. Inverse-variance weighted (IVW) MR was used as the primary method and multiple sensitivity analyses were employed in this study.



Results

Genetically predicted circulating levels of FGF23 were associated with risk of MS. The odds ratio (OR) of IVW was 0.63 (95% confidence interval [CI], 0.49–0.82; p < 0.001) per one standard deviation increase in circulating FGF23 levels. Weighted median estimators also suggested FGF23 associated with lower MS risk (OR = 0.67; 95% CI, 0.51-0.87; p = 0.003). While MR-Egger approach provided no evidence of horizontal pleiotropy (intercept = -0.003, p = 0.95). Results of IVW methods provided no evidence for causal roles of GDF1, IGF1, IGFBP3 and VEGF on MS risks, and additional sensitivity analyses confirmed the robustness of these null findings.



Conclusion

Our results implied a causal relationship between FGF23 and the risk of MS. Further studies are warranted to confirm FGF23 as a genetically valid target for MS.





Keywords: multiple sclerosis, growth factors, fibroblast growth factor 23, Mendelian randomization, genetic epidemiology



Introduction

Multiple sclerosis (MS) is the most common chronic autoimmune disease affecting the central nervous system. The incidence of MS is 2.1 per 100,000 persons/year and approximately 2.8 million people live with MS worldwide (1). It is the leading non-traumatic neurological cause of disability in young individuals (2). The typical pathology of MS is focal areas of demyelination, inflammation and glial reaction in brain, spinal cord and optic nerve (3). The clinical characteristics of MS are intermittent and recurrent episodes of neurological dysfunction, eventually leading to disability and impaired cognition (3). The etiology and mechanisms of MS remain not fully understood. The need for continued studies is compelling to improve our understanding of its nosogenesis.

Growth factors are regulating cytokines in the pathways of cell proliferation, differentiation and activation. Previous studies have suggested growth factors as risk factors for MS and important players in the initiation and progression of MS.

Fibroblast growth factor (FGF) regulates various biological functions, including cellular proliferation, survival, migration and differentiation (4). FGF23 is a critical player in vitamin D metabolism. It is mainly released from osteoblasts. It inhibits 1α-hydroxylase and stimulates 24α-hydroxylase, resulting in the conversion of 25-hydroxyvitamin D into 24,25-dihydroxyvitamin D instead of into 1,25-dihydroxyvitamin D. Growth differentiation factor-15 (GDF15) belongs to the transforming growth factor beta superfamily. It regulates inflammation and apoptosis in various diseases (5–7). Levels of serum GDF15 were positively correlated with the Expanded Disability Status Scale of MS patients (8). Insulin-like growth factor-1 (IGF1) protects the survival of neurons and glia cells, stimulates the regeneration of myelin and promotes proliferation and differentiation of glia cells (9). It can also attenuate the damage of the blood-brain barrier (BBB) and alleviate immune-mediated inflammation (10, 11). Low levels of serum IGF1 in serum were demonstrated to be associated with susceptibility to MS (12), and were also associated with cognitive impairment and fatigue in MS (13). The bioavailability of IGF1 is regulated by insulin-like growth factor binding proteins (IGFBP). IGFBP3 is the most abundant IGFBP in human serum (14). Rather than controlling IGF activity, IGFBP3 can directly inhibit cell growth (15). In several studies, decreased levels of IGFBP3 and reduced bioavailability of IGF1 were reported in the serum of MS patients (16, 17). Vascular endothelial growth factor (VEGF), also called vascular permeability factor, mediates endothelial-specific mitogenesis, increases capillary permeability, and contributes to BBB breakdown (18). Additionally, VEGF induces major histocompatibility complex (MCH I & II) expression in the brain, and is a chemo attractant to monocytes (19). Upregulation of VEGF was detected in serum and central nervous tissue in MS patients (20).

We hypothesize that growth factors have essential function in the initiation of MS, thus establishing the causal relationship between circulating levels of growth factors and MS risk is important from clinical perspective. However, confined by methodological defects (such as residual confounding and reverse causality), traditional observational studies are unable to ascertain the causal relationships between exposures and corresponding diseases (21). Mendelian randomization (MR) is a method to exploit causality by using genetic variants as proxies (instrumental variables) to predict the effect of the exposure on disease risk (22). Since the assortment of alleles at meiosis is random and germline genetic variants are fixed at conception, MR studies are unaffected by the disease process and can avoid confounding and reverse causality.

Leveraging up-to-date genome-wide association studies (GWASs), we conducted a two-sample MR analysis to detangle the potential causal roles of growth factors on MS risk in this study.



Materials and Methods

Based on public summary-level data derived from GWAS, we conducted a two-sample MR study to investigate the causal association of serum levels of FGF23, GDF1, IGF1, IGFBP3 and VEGF with MS (Figure 1). No additional consent from participants or ethical approval was required other than what had been completed in prior studies.




Figure 1 | The schematic diagram demonstrating concept of the MR design. Three key assumptions underlay standard selection procedure of instrumental SNPs. First, selected SNPs were robustly associated (p < 5 × 10-8) with exposures of interest. Second, later-life confounders of the exposure-outcome link scarcely existed, given that genetic variants were inherited at gamete formation when randomized allocation of instrumental variant alleles among the large population were determined. Thirdly, the exclusion-restriction assumption, that instrumental SNPs affected the outcome only though the exposure, were examined by sensitivity analyses. FGF23, fibroblast growth factor 23; GDF15, growth differentiation factor 15; IGF1, insulin-like growth factor 1; IGFBP3, insulin-like growth factor-binding protein 3; VEGF, vascular endothelial growth factor; MS, multiple sclerosis; SNP, Single-nucleotide polymorphism.



Genetic instruments for FGF23 were extracted from a meta-analysis of GWAS conducted by the ReproGen Alliance, consisting of 7 studies with 16,624 European participants (the mean age was ranged from 36.4 to 78.0 years old and 54.5% were women) (23). The GWAS data of FGF23 were adjusted for sex, age and top ten components of ancestry in linear regression (23). A meta-analysis of GWAS consisting 4 community-based cohorts with 5440 individuals of European ancestry (the mean age was 62 years and 53% were women) was utilized to obtain GDF15 genetic associations (24). Genetic instruments for serum IGF1 levels were selected from a GWAS of 451,993 European-descent individuals (the mean age was 56.5 years and 54% were women) in UK Biobank repository (25). Effect estimates for SNPs associated with IGFBP3 were obtained from a meta-analysis including 13 studies with up to 18, 995 individuals (8053 men and 10 942 women) (26). Genetic predictors of VEGF were obtained from a meta-analysis of GWAS including 16, 112 individuals (the mean age was 54.8 years and 54% were women) (27).

We obtained 7, 5, 318, 4 and 10 instrumental variables for FGF23 (23), GDF15 (24), IGF1 (25), IGFBP3 (26) and VEGF (27), respectively. All instrumental SNPs were strongly associated with the above circulating growth factors (p < 5 × 10-8). We checked linkage disequilibrium (r2 > 0.01 within 1Mb window) between instrumental SNPs with 1000 Genomes EUR reference panel. Summary statistics of MS were retrieved from a recent GWAS (28) conducted by the International Multiple Sclerosis Genetics Consortium in 14,802 cases and 26,703 healthy controls of the European descent (Supplementary Table 1). For Instrumental variables which were not present in summary statistics of MS, proxied SNPs (r2 ≥ 0.8) were utilized if available. Effect estimates of palindromic variants were directly utilized since datasets downloaded from the GWAS Catalog were harmonized in terms of the forward strand. Since odds ratio (OR) was commonly reported for dichotomized traits, we made further harmonization, that is, OR in summary statistics of MS underwent log-transformation to get log-OR, which was equivalent to beta for continuous exposures. Demographic information of participants was provided in detail in original studies. The exposure and outcome datasets were merged with regard to each instrumental SNP and its effect allele, and the harmonized datasets (Supplementary Tables 2–6) were subject for ensuing analyses.

We conducted MR analyses using the TwoSampleMR package (29) in the R 3.6.1 software. Causal estimate by each instrumental variable SNPk can be derived by dividing its effect on the outcome Yk by its effect on the exposure Xk, that is, the Wald ratio Yk/Xk and the associated standard error σYk/Xk. To combine causal estimates from multiple SNPs, the inverse-variance-weighted (IVW) method was employed as the primary approach (30), with the causal estimate   and related standard error   given by two formulae:

	

	

Two complementary approaches, weighted median and MR-Egger were also conducted (31, 32), since IVW estimates would be biased if not all instrumental variables were valid. Weighted median estimator was based on the relaxed assumption that more than 50% of variants were valid (32). MR-Egger regression was capable of identifying and adjusting for unbalanced horizontal pleiotropy by the regression intercept and slope, respectively (31). Forest plots were presented to visualize MR results, where causal estimates on the risk of MS were reported in OR and related confidence intervals (CI) in terms of one standard deviation increase in circulating levels of growth factors. Scatter plots and leave-one-out plots were depicted to examine the robustness of primary MR results. Bonferroni-corrected significance threshold at p < 0.05/5 was utilized.



Results


MR Analysis of FGF23 on the Risk of MS

As shown in Figure 2, primary MR analysis by the IVW method showed that circulating levels of FGF23 affected the risk of MS (OR = 0.63; 95% CI, 0.49-0.82; p = 4.7 × 10-4). Weighted median estimators also suggested that FGF23 was associated with lower MS risk (OR = 0.67; 95% CI, 0.51-0.87; p = 3.1 × 10-3). Notably, by the MR-Egger approach assessing the causal effect of FGF23 on MS, there was no evidence of horizontal pleiotropy (intercept = -0.003, p = 0.95), but the causal estimate (OR = 0.66) was accompanied by a wide 95% CI (0.21-2.03), indicating a comprised power (p = 0.49). In the scenario, we considered primarily the causal estimate by the IVW approach, and the effect of FGF23 on MS was deemed significant. After examining the scatter plot and leave-one-out plot (Figure 3), there was no evidence supporting the existence of outlier SNPs, indicating negligible heterogeneity among all instrumental variants.




Figure 2 | The forest plot delineating causal estimates of growth factors on multiple sclerosis. CI, confidence interval; FGF23, fibroblast growth factor 23; GDF15, growth differentiation factor 15; IGF1, insulin-like growth factor 1; IGFBP3, insulin-like growth factor-binding protein 3; VEGF, vascular endothelial growth factor; MS, multiple sclerosis; SNP, Single-nucleotide polymorphism; OR, odds ratio.






Figure 3 | The scatter plot (A) and leave-one-out plot (B) in the Mendelian randomization analysis of circulating FGF23 on the risk of MS. FGF23, fibroblast growth factor 23; IVW, inverse variance weighted; MS, multiple sclerosis; SNP, Single-nucleotide polymorphism.





Causal Estimates of GDF15, IGF1, IGFBP3, and VEGF on MS

Overall, genetically predicted concentrations of GDF15, IGF1, IGFBP3 and VEGF were not associated with the risk of MS. Primary MR results (Figure 2) demonstrated that there was no causal relationship between GDF15 and MS (OR = 0.96; 95% CI, 0.90-1.04; p = 0.33); neither did the causal effect of IGF1 (OR = 1.06; 95% CI, 0.94-1.19; p = 0.35), IGFBP3 (OR = 1.01; 95% CI, 0.92-1.11; p = 0.77), or VEGF (OR = 0.99; 95% CI, 0.94-1.06; p = 0.84) on MS reach nominal significance. Likewise, two additional MR methods, weighted median and MR-Egger gave similar causal estimates (all p > 0.05). Scatter plots (Supplementary Figure 1) and leave-one-out plots (Supplementary Figure 2) indicated no presence of outlying instrumental variables, which would exert unproportionate effects on the MR estimates otherwise.




Discussion

In this MR study, we found that genetically predicted decreased circulating FGF23 levels may be associated with increased risk of MS. Meanwhile, we didn’t find any causal relationship between circulating levels of GDF15, IGF1, IGFBP3 and VEGF and MS risk.

Primarily, FGF23 leads to decreased levels of phosphate, 1,25-dihydroxyvitamin D and parathyroid hormone in circulation (33, 34). Low vitamin D levels and low sun exposure have been generally recognized as risk factors for MS (35). The klotho–FGF23–vitamin D axis is fundamental in the regulation of calcium and phosphorus metabolisms. In addition, FGF23 is also secreted from neurons or the choroid plexus which can disrupt the integrity of BBB and alter the phosphate metabolism in cerebrospinal fluid (33). So it was postulated that the disequilibrium of FGF23 was associated with MS. But observational studies showed inconsistent results. A recent cohort study including 91 MS patients didn’t find any difference (p = 0.65) between MS patient and healthy controls in plasma FGF23 concentrations (36). Another cohort study including 14 relapsing-remitting MS (RRMS) patients also found that FGF23 concentrations in MS patients were comparable to controls (p = 0.59) (37). While a previous observational study including 32 RRMS patients found overexpression of FGF23 in MS patients (p < 0.01) and an association of high FGF23 levels (approximately 2.5-fold higher) with comorbidities such as cardiovascular diseases in MS (33). Stein et al. revealed a disequilibrium of the PTH-FGF23-vitamin D axis in RRMS, with higher plasma FGF23 in winter (p = 0.04) and comparable FGF23 levels in summer (p = 0.14) (38). The discrepancies of these observational studies might be caused by confounding, reverse causation, and selection bias et al.

Interestingly, although FGF23 was regarded as a negative regulator of calcitriol biosynthesis, we found that genetically predicted FGF23 was inversely associated with risk of MS in this study. Similar to our result, Aleagha et al. also reported a significant negative correlation between FGF23 in cerebrospinal fluid and the Expanded Disability Status Scale of patients with RRMS (37). The result of a recent MR study suggested no strong evidence for the association between FGF23 and serum levels of 25-hydroxyvitamin D (p = 0.28) or calcium (p = 0.37) (39). So we hypothesize that the potential protective effect of FGF23 on MS is probably not via vitamin D pathways. The contradictory results by Ellidag et al. (33) and Stein et al. (38) might be caused by the effects of treatments in RRMS patients since previous studies have indicated that the expression of FGF23 might be influenced by medication (40).

Since only a few SNPs were available for FGF23, verification of our result with larger GWAS data with more genetic instruments (including rare variants) is needed. And more basic investigations are required to elucidate the underlying mechanisms related to the effect of FGF23 on MS. Our result also implied a potential therapeutic role of FGF23 for the treatment of MS. Since our study adopted serum FGF23, FGF23 might not need to cross BBB to exert a therapeutic effect and peripheral use of FGF23 might be helpful (41). Further clinical trials are warranted to explore the potential therapeutic effects of FGF23 in MS patients.

The main strength of our study is leveraging large-sample genetic data from several sources to clarify causal relationships between growth factors and MS. For these traits, we utilized up-to-date and largest GWASs as of December 31, 2020 in this study. Summary statistics of IGF1 were released recently, the GWAS incorporated ~467,000 participants from UK Biobank which has been the largest cohort worldwide. However, samples sizes of the other four exposures were relatively restricted, especially for GDF15; accordingly, number of instrumental variables at genome-wide significance and variance explained for concerned exposures by them were largely limited. In this scenario, we would have insufficient power to detect weak causal effects, and thus should be cautious with the strength of evidence provided by this study. It has been known that with the sample size increasing, more significant loci will be identified by GWASs. Last two decades have witnessed great advancement in sequencing technology and their availability and affordability. GWASs in larger populations can be expected in the future, and once summary statistics available, it is necessary to update these MR analyses to get new findings. Phenotypic observational studies cannot avoid the bias from confounding variables and reverse causation, thus spurious interplay between exposure and diseases may arise (42). Randomized controlled trials (RCTs) are less influenced by such defects of observational studies, but large-scale RCTs are very expensive. MR is a powerful method to infer the causality and could enable more robust understandings of causal molecular biology (41). Besides, MR imitates RCTs since genetic variants were randomly allocated at conception (43). And SNPs mimic lifelong exposure to medications which makes MR the nature’s RCTs (43). Meanwhile, MR studies are effectively blind (41). It is proposed that drugs with genetic evidence might be twice likely to proceed from Phase I to approval (44). So MR is an economic and efficient way to screen possible drug targets. Leveraging population level data, we provide genetic support for prioritizing FGF23 as a potential treatment for MS.

Although MR provides reliable evidence of causation, it cannot replace RCTs as the best approach evaluating drug efficacy. Rather than disease progression, GWASs pertain to disease risk. The effects of MR instruments mimic low-dose exposure across the entire life-course and usually have smaller effects, whereas drugs are prescribed later in life and generally have larger effects (45). So MR is more suitable to study public health policies or preventative interventions, and less in predicting the outcome of RCTs which only last years and measure progression (41). Secondly, given largely unknown aspects of human genomes, MR studies are subject to the presence of linkage disequilibrium, cryptic relatedness, genetic heterogeneity, pleiotropy, canalization or co-variable adjustment. Thirdly, MR is unable to assess potential non-linear relationships between risk factors and MS. Fourthly, our GWAS data were sampled from European ancestry populations. While MR minimizes the risk of population stratification and false-positive GWAS signals, heterogeneity across different populations limits generalization of the results to other populations with different genetic backgrounds. Lastly, the effect of FGF23 on MS might be sex specific, but sex-specific analysis cannot be implemented due to lack of relevant genetic summary statistical data.

In conclusion, our MR results supported a potential causality between decreased FGF23 levels and higher risk of MS.
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Background: Inflammation is essential for the pathogenesis of multiple sclerosis (MS). While the immune system contribution to the development of neurological symptoms has been intensively studied, inflammatory biomarkers for mental symptoms such as depression are poorly understood in the context of MS. Here, we test if depression correlates with peripheral and central inflammation markers in MS patients as soon as the diagnosis is established.

Methods: Forty-four patients were newly diagnosed with relapsing-remitting MS, primary progressive MS or clinically isolated syndrome. Age, gender, EDSS, C-reactive protein (CRP), albumin, white blood cells count in cerebrospinal fluid (CSF WBC), presence of gadolinium enhanced lesions (GE) on T1-weighted images and total number of typical MS lesion locations were included in linear regression models to predict Beck Depression Inventory (BDI) score and the depression dimension of the Symptoms Checklist 90-Revised (SCL90RD).

Results: CRP elevation and GE predicted significantly BDI (CRP: p = 0.007; GE: p = 0.019) and SCL90RD (CRP: p = 0.004; GE: p = 0.049). The combination of both factors resulted in more pronounced depressive symptoms (p = 0.04). CSF WBC and EDSS as well as the other variables were not correlated with depressive symptoms.

Conclusions: CRP elevation and GE are associated with depressive symptoms in newly diagnosed MS patients. These markers can be used to identify MS patients exhibiting a high risk for the development of depressive symptoms in early phases of the disease.
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INTRODUCTION

Depression has a higher prevalence among multiple sclerosis (MS) patients as compared to non-MS-subjects (1) and is one of the most common comorbidities in MS (2, 3). It has a detrimental impact on patients' quality of life (4) as well as employment outcome (5) and is associated with an increased risk of disability worsening (6), resulting in adverse long term outcome (7).

Studies showing that physical disability predicts depression in MS (8) suggest that neurological deficits accumulate over time and lead to depressive symptoms. However, depression has been reported also for early MS and clinically isolated syndrome (CIS) patients (9–12), where physical disability is mostly mild or even non-existent. These observations indicate the existence of other mechanisms for the development of depression in MS.

One factor which has been shown to play a key role for the emergence of depressive symptoms in MS independent of disability is inflammation in the central nervous system (CNS). MS patients with an acute relapse have higher depression scores compared to patients in remission (13). Furthermore, tumor necrosis factor-α (TNF- α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) measured in the cerebrospinal fluid of MS patients correlate with depression scores (13, 14).

On the other hand, major depression (MDD) studies stress the importance of peripheral inflammation markers. Thus, proinflammatory cytokines and molecules such as TNF-α, IL-6, interleukin 1 (IL-1), soluble interleukin 2-receptor (sIL-2R), and C-reactive protein (CRP) measured in serum are increased in patients with depression as compared to healthy subjects (15–18). Similar findings have been reported for MS: CRP levels are elevated in patients with as compared to those without a relapse and correlate with depression severity (19). Furthermore, increased IL-6 as well as decreased interleukin-4 (IL-4) and albumin in serum discriminate MS patients with from those without depression (20).

Treating depression in MS as early as possible and targeting its inflammatory mechanisms adequately require simultaneous investigations of peripheral and central markers of inflammation as early as the MS diagnosis is established. Such studies are largely lacking and it is not known whether both peripheral and central inflammatory processes are linked to depressive symptoms in newly diagnosed MS. We hypothesized that serological, CSF laboratory and CNS imaging markers of inflammation in patients with initial diagnosis of CIS, relapsing-remitting MS (RRMS) or primary progressive MS (PPMS) correlate with their depression scores.



MATERIALS AND METHODS

The study was approved by the ethics committee of University Hospital Frankfurt and carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. Written informed consent was obtained from all subjects. Patients were referred to the Department of Neurology at the University Hospital Frankfurt between 2017 and 2019 due to suspected demyelinating CNS disease either based on a clinical observation or on MRI imaging results. All patients underwent a neurological examination, laboratory tests, lumbar puncture, and MRI imaging as a part of a well-established diagnostic work-up based on the current guidelines of the German Neurological Society as well as the Competence Network Multiple Sclerosis. Patients were screened for eligibility and agreed to participate in the study and undergo additional measurements including Beck Depression Inventory (BDI) (21) and Symptom Checklist-90-R (22). BDI was used to assess depressive symptoms. As a validation of the results, additionally the Symptom Checklist-90-R (22) was applied and its depression dimension (SCL90RD) was entered into further analysis. Participants were included only if the diagnostic work-up resulted in the diagnosis of a relapsing-remitting multiple sclerosis (RRMS), primary progressive multiple sclerosis (PPMS) or clinically isolated syndrome (CIS) according to the 2010 revised McDonald criteria (23). The first participants were measured 2017 before the latest revisions of the McDonald criteria were officially published (24). At this time, we had already diagnosed and included several patients based on the McDonald 2010 criteria, therefore decided to keep these eligibility criteria unchanged. Exclusion criteria were diagnosis of secondary progressive multiple sclerosis or diagnosis of concurring neurological disease as a result of the diagnostic work-up (n = 4), determinable cause of an infection (n = 2), insufficient knowledge of German language to fill out the questionnaires or refusal to participate (n < 10).

Patients were interviewed and examined by a neurologist. Their degree of physical disability was estimated with the help of the Kurtzke Expanded Disability Status Scale (EDSS) (25). C-reactive protein (CRP, mg/dl) and albumin (g/l) were measured in serum as markers of peripheral inflammation. If multiple measurements were available, the ones with the greatest proximity in time to the questionnaires were used. CRP was considered elevated if it was ≥0.5 mg/dl. In this case, physical examination and laboratory testing were performed, including auscultation of the lungs and urinalysis. If a determinable cause of infection was found, the participant was excluded from further analysis. White blood cells count in CSF (CSF WBC/μl) was used as a marker of central inflammation. Gadolinium enhancement (GE) on T1-weighted imaging in at least one of the following: cerebral, spinal or orbit MRI imaging was another marker of CNS inflammation. We computed for each participant also the total number of typical MS lesion locations (juxtacortical, periventricular, infratentorial, and spinal) with T2- or FLAIR-hyperintense lesions (“MS lesions,” number of typical locations with MS lesions varying between 1 and 4).

Some patients were treated with intravenous methylprednisolone (IVMP) for their neurological symptoms. CSF acquisition was done always prior to IVMP. To consider any possible influence of IVMP on depressive symptoms, patients were grouped according to the time between IVMP and BDI/SCL90RD: the first group did not receive any IVMP or the interval between IVMP and BDI/SCL90RD was >14 days (ΔIVMP-BDI/SCL90RD > 14 days), while the second group was treated with IVMP within 14 days before the BDI measurement (ΔIVMP-BDI/SCL90RD ≤ 14 d). To consider the influence of IVMP on GE, patients were grouped according to the time between IVMP and MRI measurement: the first group did not receive any IVMP or the interval between IVMP and MRI was >14 days (ΔIVMP-MRI > 14 d), while the second group was treated with IVMP within 14 days before MRI (ΔIVMP-MRI ≤ 14 d).

First, a multiple linear regression was computed with BDI as dependent variable. Age, gender, EDSS, CRP elevation, albumin, CSF WBC, GE, and MS lesions were employed as independent variables. Next, a second multiple linear regression with the same independent variables but with SCL90RD as dependent variable was computed to validate our first results. Linear relationship was verified by inspecting the respective scatter plots of independent and dependent variables. Normal distribution of the residuals was verified by inspecting the respective P-P plots. There was no evidence of multicollinearity (highest correlation r = −0.417, lowest Tolerance statistics = 0.625, and highest VIF statistic = 1.6). Independence of residuals was tested by determining Durbin–Watson statistic (Durbin–Watson = 2.5 for BDI and 2.25 for SCL90RD). Homoscedasticity was tested by inspecting a graph plot of the standardized values predicted by the respective model against the standardized residuals. The lack of influential cases biasing the model was verified by determining Cook's Distance (all Cook's Distance values < 1).

To understand better the interaction between peripheral and central inflammation, we computed two further univariate general linear models with BDI and SCL90RD as dependent variables and the two markers which contributed significantly to the variance in the linear regression analyses (CRP elevation and GE, see section Results) as independent variables.

To assess the effects of steroid treatment on depressive symptoms, a multivariate general linear model was computed with BDI and SCL90RD as dependent variables and ΔIVMP-BDI/SCL90RD as an independent variable. To assess the effects of steroid treatment on acute inflammation seen in MRI, a Fisher's exact test was computed with GE and ΔIVMP-MRI.

Finally, we tested in an exploratory analysis whether disease type and fatigue measurements might affect our findings. Fatigue measurements were available from clinical routine diagnostics (The Fatigue Scale for Motor and Cognitive Functions, FMSC) (26) for some but not all subjects (n = 40). We computed an additional multiple linear regression like the ones mentioned above but with “disease type” (RRMS, CIS, or PPMS) and “FSMC total score” as additional independent variables. Since MS disease type can affect not only depression but also inflammation, we also computed a Fisher's exact test with disease type and CRP elevation.



RESULTS

One patient was excluded due to the combination of CRP elevation and an acute venous leg ulcer and another one due to a still active urinary tract infection in antibiotic treatment at the time of measurement. The data of the remaining 44 subjects were entered into the analysis. Their demographic data is shown in Table 1. The medical history of the patients is reported in Table 2.


Table 1. Descriptive statistics of the studied sample.
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Table 2. Past medical history and medications reported in the sample.
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The multiple linear regression model with BDI as dependent variable was significant (R = 0.603, R2 = 0.364, adjusted R2 = 0.218, F = 2.502, df1 = 8, df2 = 35, and p = 0.029). Two independent variables contributed significantly to the model: CRP elevation (ß = 0.431, t = 2.87, and p = 0.007) and GE (ß = 0.362, t = 2.46, and p = 0.019, see Table 3).


Table 3. Details from the two multiple linear regressions.
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The multiple linear regression model with SCL90RD as a dependent variable was significant (R = 0.609, R2 = 0.371, adjusted R2 = 0.227, F = 2.583, df1 = 8, df2 = 35, and p = 0.025). Two independent variables contributed significantly to the model: CRP elevation (ß = 0.461, t = 3.09, and p = 0.004) and GE (ß = 0.298, t = 2.04, and p = 0.049, see Table 3). The other variables, CSF WBC, EDSS, age, gender, albumin, and total number of typical MS lesion locations, were not predictive for depressive symptoms.

Both CRP elevation and GE were entered as independent variables in two further general linear models in order to exploratory illustrate the interaction between peripheral and central inflammation markers in the context of depression in newly diagnosed MS. With regard to BDI, CRP elevation and GE exhibited significant main effects (CRP elevation: F = 7.113, p = 0.011; GE: F = 9.087, p = 0.004) and the interaction between the two factors was significant, too (CRP elevation × GE: F = 4.492, p = 0.04). Elevated CRP values or presence of gadolinium enhancement on the T1-weighted MR imaging resulted into higher BDI scores (CPR normal: x = 5.7, SD = 4.4; CRP elevated: x = 13.8, SD = 11.2; GE –: x = 4.4, SD = 3.5; GE +: x = 7.9, SD = 6.9), while the combination of both elevated CRP and gadolinium enhancement had a particularly strong impact on the depression score (x = 18, SD = 11.5). Vice versa, the majority of patients with normal CRP levels and lack of GE in MRI exhibited normal BDI scores. However, either GE in MRI or CRP elevation were associated with BDI scores corresponding on average to a minimal or mild depression, while patients with both CRP elevation and GE in MRI had BDI scores which corresponded to at least a moderate depression (21). A similar pattern was revealed with regard to SCL90RD. Here, however, only CRP elevation reached significance (F = 8.428, p = 0.006), while GE (F = 3.737, p > 0.05) and the interaction between the both factors (F = 1.202, p > 0.05) failed to do so.

The multivariate general linear model did not reveal any significant effects of the time interval between IVMP treatment and the depression questionnaires on the BDI/SCL90RD scores (F = 0.121, p > 0.05). The Fisher's exact test revealed no significant effects of the time interval between IVMP treatment and MRI imaging on the presence of GE (p > 0.05).

The exploratory linear regression with BDI as dependent variable and with additional independent variables (disease type and FSMC total score additionally to age, gender, EDSS, CRP elevation, albumin, CSF WBC, GE, and MS lesions) was significant (R = 0.696, R2 = 0.485, adjusted R2 = 0.307, F = 2.726, df1 = 10, df2 = 29, and p = 0.017). Like in the initial analysis, two independent variables contributed significantly to the model: CRP elevation (ß = 0.373, t = 2.312, and p = 0.028) and GE (ß = 0.381, t = 2.522, and p = 0.017). Disease type and fatigue measurements did not reach significance (p > 0.05). The Fisher's exact test revealed no significant effects of the disease type on CRP elevation (p > 0.05).



DISCUSSION

In the current study, depressive symptoms of patients with newly diagnosed RRMS, CIS, or PPMS were linked to peripheral and central markers of inflammation. More precisely, patients with elevated CRP or presence of GE on T1-weighted MRI-imaging were more likely to score higher on depression scales BDI and SCL90RD. Further analysis showed that the link between CRP/GE and depression is even more pronounced if both inflammation markers are simultaneously present.

The role of CRP elevation has been highlighted so far mainly by studies with MDD patients (15–17, 27). Recent findings suggest that inflammation contributes to the emergence of depression, since elevated CRP predicts the subsequent development of depressive symptoms (28). The pathophysiological mechanisms are complex and involve different pathways: peripherally released signals including CRP and cytokines cause an inflammatory response in the CNS, altering production, metabolism and transport of mood-related neurotransmitters and affecting neuronal growth and survival (27). Further mechanisms, including oxidative stress, cytokine-induced glutamate dysregulating and excitotoxicity as well as maladaptive hypothalamic-pituitary-adrenal (HPA) axis functioning have been suggested (19, 20, 27). CRP elevation might be distinctly relevant for therapeutic decisions, too. Thus, a treatment with the monoclonal antibody infliximab, an TNF-α antagonist, resulted in a greater reduction of depressive symptoms in a subset of medication resistant MDD patients with high baseline CRP levels (29). Furthermore CRP is among the inflammatory signal molecules with the strongest relationships with depression (15, 16) and is easily obtained and analyzed in hospital laboratories, rendering it readily utilizable in a clinical context (27).

The source of CRP elevation in MS patients seems even more complex than in MDD. CRP is higher during MS relapses and associated with EDSS, predictive for later progression and decreasing during interferon beta 1a therapy (30–32). Therefore, peripheral inflammation is probably linked to general disease activity in MS, too. However, interactions with environmental factors might lead to an increased risk for the emergence of depression as has been shown for MDD: adults diagnosed with MDD who have a history of early maltreatment exhibit higher CRP levels than those without such a history (33). Thus, MS-related inflammation coupled with external events which also boost inflammatory responses might be crucial for the development of depressive symptoms in early MS.

CNS inflammation markers might contribute further to understanding the role of the immune system in the context of depression. Generally, GE on T1-weighted MRI imaging indicates a disrupted blood-brain barrier and characterizes active MS lesions (34). In our sample, the presence of active lesions was significantly associated with the degree of depressive symptoms. This extends earlier findings (13, 35), confirming the link between CNS inflammatory lesions and mood disorders in MS and validating it with regard to newly diagnosed patients. While it can be argued that active lesions induce neurological impairment and that depressive symptoms arise only as a result from the newly emerging physical disability, our findings do not support this notion. Indeed, the degree of depressive symptoms did not correlate with EDSS. Furthermore, GE was present in a multitude of CNS regions (e.g., spinal, infratentorial, or optic nerve lesions), which implies that mood alterations in the context of newly diagnosed MS occur also without direct lesions to the limbic system. Rather, depressive symptoms may be triggered by more general inflammatory mechanisms. Moreover, the total number of typical MS lesion locations with T2- or FLAIR-hyperintense lesions was not correlated to the mood symptoms, suggesting that the degree of disease activity in MS is not determining for the emergence of depression in newly diagnosed patients. However, since all our patients were newly diagnosed and were thus exposed to a novel, stressful situation (new symptoms, initial uncertainty, major diagnosis, etc.), a more complex interplay between CNS inflammation and external factors seems possible here, too. Interestingly, major negative stressful events predict increased risk for GE in MRI imaging in MS patients (36). Thus, an interaction between inflammatory MS-related processes and confrontation with a spectrum of novel, potentially stressful events such as physical disability and major diagnosis may have contributed to the development of depressive symptoms in our sample.

CRP elevation and GE did not explain the whole variance of depression in our sample. Similarly, it has been estimated that only 47% of depression patients whose scores are above the clinical threshold had a CRP level ≥ 0.3 mg/dl and only 29% had a CRP level ≥ 0.5 g/dl (27, 37), suggesting an essential but perhaps not sufficient role of peripheral inflammation for the emergence of depression and a more pronounced relevance for a subset of depressed individuals. Interestingly, we demonstrated an interaction between peripheral and central inflammation leading to more pronounced depression scores, which points at a possible mutually augmenting effect of peripheral and central inflammatory agents. The correlational nature of our results does not allow us to imply causation but one possible, hypothetical mechanism would be a common pathway of inflammation starting in the periphery and resulting in blood-brain barrier breakdown, unfolding inflammation in CNS and triggering depressive symptoms in early MS. Similar interactions between peripheral and central processes have been shown for MDD, where high CRP levels are associated with gray matter volume reductions (38) as well as with reduced functional connectivity in a widely-distributed brain network (39, 40). It would be highly relevant to follow-up whether the depressive symptoms persist in the further course of MS and if the initial peripheral and central inflammation parameters are predictive for their future development.

MS disease type has previously been shown to be relevant for depression and inflammation (4, 41, 42). Similarly, fatigue might affect or co-occur with depression (42, 43). However, in our exploratory linear regression analysis, disease type and fatigue were not associated with BDI, while CRP and GE presence were again significant predictors for depressive symptoms. Furthermore, CRP elevation did not differ between the three investigated disease types. The small sample size as well as the fact that we did not include SPMS patients could have contributed to these findings. An interesting yet purely tentative notion refers to the fact that we studied newly diagnosed patients only. Thus, the pathophysiological underpinnings of inflammation and depression might be very similar across different MS disease forms during early disease stages and the effect of fatigue on depression might grow in later stages of the disease (41).

There are several limitations to our study. First, we employed a cross-sectional design, which does not allow us to determine a causal relationship between the measured inflammation and degree of depressive symptoms. For this purpose, a prospective design would be necessary. Second, the sample size was moderate. We included only patients with newly established diagnosis, thus leaving out effects of immunomodulatory therapy, accumulated physical disability or other disease-related confounding variables. However, this reduced the power of the study and may have contributed to the lack of significant effects regarding inflammation markers such as albumin and CSF WBC. Especially with regard to CSF WBC the results are surprising since CSF inflammatory markers such as TNF-α and IL-1β measured in the cerebrospinal fluid of treatment-naive MS patients correlate with depression scores (13, 14). The insufficient power of the study due to our conservative inclusion criteria would explain the lack of positive findings regarding CSF. Another possible explanation is that in this study we focused on the CSF WBC, while leaving out other, possibly more specific inflammatory markers such as TNF-α and IL-1β. Second, measurements were done as a part of a diagnostic work-up tailored for the clinical routine, which did not allow us to standardize all the parameters (e.g., MRI scanner, time of lumbar puncture and blood sample collection, IVMP treatment, etc.). While we did not observe any effects of IVMP treatment on the primary outcome parameters, a prospective, standardized approach with predetermined parameters would have increased the methodological quality and validity of our results. This is, however, a common challenge of studies in the clinical setting, when patients without an established diagnosis are referred to the emergency department at night and cannot wait with the IVMP treatment because of pronounced neurological disability. Similarly, it is difficult to determine the time interval between communicating the diagnosis to the patients and the measurements of depression and inflammation markers, since many patients are referred for a diagnostic work-up with a suspected diagnosis which they already know of. However, standardizing the measurements of this time interval as far as possible would limit the influence of external factors such as diagnosis communication on subjects' mood. Finally, we employed only self-assessment instruments such as BDI and SCL90R. Using clinical interviews which are available for depressive symptoms would increase the validity of the results.

Despite the above-mentioned limitations, our study contributes several important findings to the scientific debate. First, we demonstrate that the relationship between inflammation and depression is seen not only in patients with a prolonged disease history but also in newly diagnosed MS when the disease is presumably in its initial stages. Furthermore, the reported findings are not affected by immunomodulatory and symptomatic therapy. Moreover, contrary to the common expectation that depressive symptoms are seen in MS only when neurological impairment is strongly pronounced, we demonstrate that even in a sample of newly diagnosed MS patients with little to none accumulated physical disability (average EDSS = 2.02, SD = 1.28) there is a link between inflammation and depression. Studies focusing on adults with a major depressive disorder seldomly employ MRI with contrast-agent or perform a cerebrospinal fluid analysis. As illustrated in this study, investigating interactions between inflammation and depression in newly diagnosed MS patients, in whom those examinations are part of the diagnostic work-up, seems particularly promising. Of course, the chronic inflammation typical for MS remains an important issue to tackle when interpreting the data. Prospective studies investigating the link between inflammation and depression simultaneously in both newly diagnosed MS and MDD patients in early stages of the disease might be essential in addressing this issue.

In our study we demonstrated that peripheral (CRP) and central (GE on T1-weighted MRI imaging) inflammation markers are associated with the degree of depressive symptoms in newly diagnosed patients with RRMS, PPMS, and CIS. Understanding which MS patients exhibit higher risk for depressive symptoms would facilitate the development of eligible therapeutic options, targeting depression-relevant inflammatory pathways.
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Roles for viral infections and aberrant immune responses in driving localized neuroinflammation and neurodegeneration in multiple sclerosis (MS) are the focus of intense research. Epstein-Barr virus (EBV), as a persistent and frequently reactivating virus with major immunogenic influences and a near 100% epidemiological association with MS, is considered to play a leading role in MS pathogenesis, triggering localized inflammation near or within the central nervous system (CNS). This triggering may occur directly via viral products (RNA and protein) and/or indirectly via antigenic mimicry involving B-cells, T-cells and cytokine-activated astrocytes and microglia cells damaging the myelin sheath of neurons. The genetic MS-risk factor HLA-DR2b (DRB1*1501β, DRA1*0101α) may contribute to aberrant EBV antigen-presentation and anti-EBV reactivity but also to mimicry-induced autoimmune responses characteristic of MS. A central role is proposed for inflammatory EBER1, EBV-miRNA and LMP1 containing exosomes secreted by viable reactivating EBV+ B-cells and repetitive release of EBNA1-DNA complexes from apoptotic EBV+ B-cells, forming reactive immune complexes with EBNA1-IgG and complement. This may be accompanied by cytokine- or EBV-induced expression of human endogenous retrovirus-W/-K (HERV-W/-K) elements and possibly by activation of human herpesvirus-6A (HHV-6A) in early-stage CNS lesions, each contributing to an inflammatory cascade causing the relapsing-remitting neuro-inflammatory and/or progressive features characteristic of MS. Elimination of EBV-carrying B-cells by antibody- and EBV-specific T-cell therapy may hold the promise of reducing EBV activity in the CNS, thereby limiting CNS inflammation, MS symptoms and possibly reversing disease. Other approaches targeting HHV-6 and HERV-W and limiting inflammatory kinase-signaling to treat MS are also being tested with promising results. This article presents an overview of the evidence that EBV, HHV-6, and HERV-W may have a pathogenic role in initiating and promoting MS and possible approaches to mitigate development of the disease.
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Introduction

Multiple sclerosis (MS) is a debilitating neurological condition with a strong autoimmune component and a significant cause of neurological impairment in young adults. MS is characterized by episodic, localized and progressive demyelination as the final result of focal inflammatory lesions, causing progressive or reiterating neuroinflammatory and neurodegenerative changes of the white and gray matter (1). The disease is characterized by immune cell infiltration from the periphery into the central nervous system (CNS), causing localized inflammation and demyelination with axonal damage, leading to autonomic, sensorimotor, and cognitive impairments. The severity and clinical phenotype is dependent on the frequency and distribution of CNS inflammatory lesions as well as the cellular composition and activation status of such lesions (1, 2). Intensive research has focused on autoreactive T- and B-cells as causal mediators, although the trigger for inflammation and autoreactivity remains obscure (1).

The diagnosis of MS is based on neurological examination, magnetic resonance imaging (MRI) and the presence of oligoclonal bands in the cerebrospinal fluid (3, 4). Immunomodulatory therapies are used for the treatment of MS. These disease-modifying treatments (DMTs) reduce the incidence of relapses and impact on progression by dampening the inflammatory signaling and reducing the entry of lymphocytes into the brain (5). The etiology of MS is unknown, but the immune system is thought to be pivotal in the development of MS in genetically predisposed individuals, in addition to environmental risk factors such as smoking, deficiency in sun exposure/vitamin D, and infection (6, 7). There is growing evidence indicating a causal role for viral pathogens in MS, serving as inflammatory agents activating astrocytes and microglia directly or indirectly (8, 9). Several viruses, including Epstein-Barr virus (EBV), Human Herpesvirus-6 (HHV-6), Varicella-zoster virus, John Cunningham virus, and human endogenous retroviruses (HERVs), have been studied in the context of MS. Except for HERVs, these viruses are persistent and cause life-long infections with “cellular stress-triggered” reactivation cycles that may be associated with the relapsing nature of MS (10, 11).

Here we present a hypothesis and testable model (Figure 1) suggesting a leading role of EBV infected B-cells in triggering the clinical MS phenotypes in genetically susceptible individuals (i.c. HLA-DR2b) by causing direct focal inflammation near and subsequently within the CNS, inducing reactivation of endogenous viruses (HERVs and HHV6A) and mimicry-driven autoimmunity within the CNS. This inflammatory cascade, overall and in time, leads to deranged (self- and virus-reactive) immune responses with reiterating and/or progressive inflammatory signaling in CNS-resident lymphocytes, glia-cells and astrocytes, associating with destruction of myelin producing oligodendrocytes (ODCs), together causing damage to the protective myelin sheath of neurons leading to axonal damage and progressive neurological disability (2, 9).




Figure 1 | Overview of the central viral cascade causing dysregulation of immune responses, localized CNS-inflammation and neuronal damage underlying MS-pathogenesis. A central role is proposed for Epstein-Barr virus (EBV), a persistent and frequently reactivating virus, that is associated with Multiple Sclerosis (MS) in genetically susceptible individuals (HLA-DRB*1501). Following (“stress”-induced) EBV reactivation in quiescent latency-I EBV-carrying B-cells in lymphoid tissues near the CNS, EBV-encoded gene products, - such as EBER1, miRNA and LMP1 in exosomes secreted by viable reactivating B-cells (latency-II/-III) and EBNA1-DNA complexes released from apoptotic EBV+ B-cells and possibly forming reactive immune complexes with locally produced anti-EBNA1-IgG -, together trigger anti-viral T-/B-/NK-cell-, antibody- and cytokine responses (Type-I IFN, TNF-α, IL-6, -10, -17A) causing localized inflammation. This is associated with spread of viral products, immune complexes, cytokines and the infiltration of (cross-)? reactive lymphocytes via a compromised blood-brain barrier causing aberrant activation of CNS-resident microglia and astrocytes and damage to oligodendrocytes (ODCs), leading to CNS inflammatory lesions as characteristic feature of MS. EBV itself and inflammatory cytokines may trigger the expression of endogenous germline-encoded viral sequences (MSRV or HERV-K/-W and HHV6A) in reactive lymphocytes and in inflammatory glia/astrocytes/ODC, which further enhance the localized CNS inflammation. In this inflammatory milieu, shared epitopes between (endogenous) viral and neuronal self-antigens may trigger autoimmune responses in susceptible individuals (HLA-DRB*1501), thus perpetuating CNS inflammation and causing pathogenic microglia activation and neuronal damage in an episodic (CIS), recurrent (RRMS) or progressive (SPMS, PPMS) virus-driven and auto-reactive pathogenic process. Interference with virus-driven inflammatory signaling, reconstitution of a quiescent immunological balance, remyelination and repair of damaged neurons are therefore key to future treatment and curative approaches in MS.





Epstein-Barr Virus and Multiple Sclerosis


A Brief Description of EBV Biology and Life Cycle

EBV is a γ1 human herpesvirus (HHV4, lymphocryptovirus) that persistently infects up to 95 percent of humans worldwide mainly during childhood. Primary infection in young adults is often symptomatic and referred to as glandular fever or infectious mononucleosis (IM). EBV transforms and immortalizes B-lymphocytes during initial infection as an essential part of its life cycle, but persists as a quiescent (latent) virus in a small number of circulating resting memory B-cells and is thought to infect epithelial cells for virus replication and spread (12–14). Importantly, the bulk of EBV-carrying B-cells appear to home to lymphoid tissues in the head and neck region, proximal to the CNS (15). Dysregulated EBV-infection is associated with several pathologies, including neurological, hematological and autoimmune diseases, e.g. chronic-active EBV infection, MS, Rheumatoid Arthritis (RA) and Systemic Lupus Erythematosus (SLE), as well as multiple cancers, including distinct types of lymphoma and carcinoma (16–20).

EBV is a double-stranded DNA virus encoding approximately 100 open reading frames, which are expressed in tightly regulated latent (transforming and persistent) and replicative (reproductive) gene clusters (21–23). Genes expressed during latency encode proteins like EBV-nuclear-antigen-1 (EBNA-1), essential for viral genome maintenance in dividing cells, linking the viral genome to host cell chromosomes and affecting host gene-expression and the latent membrane proteins-1 and -2 (LMP-1, -2), crucial for inducing and maintaining an immortalized transformed state (default program of latent gene expression, Latency-II). During initial B-cell transformation and immortalization, additional EBV nuclear proteins (EBNA-2 to EBNA-6) are expressed (transformation program, Latency-III), but their activity is quickly limited by gene silencing via CpG-promotor methylation within- and strong T-cell control against Latency-II/-III activated EBV+ B-cells (14, 24). The Latency-II and -III stages are only sporadically detectable in lymphoid follicles, where EBV-infected B-cells can proliferate and mimic a germinal center activation program (25). In healthy EBV carriers EBV persists for life in a small number of quiescent circulating memory B-lymphocytes, expressing only EBNA-1 protein when these cells divide (True Latency program, Latency-I) (26). Upon cognate antigen encounter within lymphoid tissues, these memory B-cells can switch to IgG-producing plasma cells (13). The molecular switch of memory B-cell to Ig-producing plasma cell activates a three stage EBV lytic-cycle with ultimate virion release and apoptotic cell death. Induction of the lytic phase requires initial triggering of immediate-early viral gene expression encoding highly immunogenic transcription factors Zta and Rta (step-1), followed by early genes encoding enzymes for nucleotide metabolism and viral DNA replication (step-2) and late genes encoding proteins involved in virion assembly (step-3) (27). Virus-encoded small nuclear and nucleolar RNAs and over 40 microRNAs encoded in two gene clusters are abundantly expressed during latent and lytic stages and modulate host gene expression and inflammatory responses, associating with distinct EBV-driven diseases (28–31). Host immune surveillance against EBV is constantly active at a high level (~1% of all T-cells are EBV-antigen responsive) and predominantly directed at latency-II/-III and immediate early gene products, preventing latent B-cell proliferation and lytic activation of EBV (24).



Humoral Immune Responses Against EBV in MS

The serological evidence for EBV being a risk factor for MS is strong and growing, although the high levels of EBV seropositivity in adults make it hard to establish such association unequivocally. However, recent large-scale studies have revealed a near 100 percent EBV seropositive rate in MS patients, which is significantly higher compared to age-, gender- and population-matched controls (32, 33). The increased IgG seropositivity in MS patients particularly involves responses to proteins coded for by EBV latent genes (esp. EBNA-1) rather than lytic genes (EA, VCA), and is virus-specific because no elevated antibody levels to human cytomegalovirus (CMV) or Herpes simplex virus (HSV) are significantly linked to MS (32, 34). The risk of MS increased more than two-fold after a history of IM, as opposed to subclinical primary EBV infection (35, 36). The risk was further substantially elevated in individuals with an IM history and HLA Class II DR2b (DRB1*1501 β, DRA1*0101 α), which is the strongest genetic risk factor for MS (37). Furthermore, specific increases in serum anti-EBNA-1 antibody levels preceded the onset of clinically apparent MS by several years, showed increases during conversion from a clinically isolated syndrome (CIS) to definite MS and associated with active MRI lesions in established MS (38–41). Overall, anti-EBNA-1 antibodies are specifically elevated in MS and thought to originate from the periphery as the levels of anti-EBNA-1 antibodies relative to total IgG were higher in the serum compared to CSF in the majority of relapsing-remitting MS patients (34, 42). Importantly, EBNA-1 forms dimers and multimeric complexes tightly bound to viral and host DNA, which are released upon apoptotic death of EBV-infected host cells as induced by the lytic switch and/or anti-EBV cytotoxic T-cell (CTL) responses (see Figure 2). Such EBNA-1-DNA complexes are stable and highly immunogenic and human anti-EBNA-1 antibodies specifically recognize surface epitopes of such complexes (Figure 2, epitopes depicted in top section), but not the intramolecular dimer and DNA-interacting regions of EBNA-1 (43, 44). This suggests that anti-EBNA-1 antibody responses are driven by apoptotic EBNA-1-DNA complexes directly (via BCR on B-cells) or indirectly (via phagocytosis and/or Fc-/Complement receptor-mediated uptake and presentation in specialized antigen-presenting cells, APC) thus triggering anti-EBNA-1 T- and B-cell responses. Oligoclonal bands, which are found in the CSF of most MS patients, contain immunoglobulins that recognize EBNA-1 and intrathecal IgG from MS patients recognized defined EBNA-1 epitopes thus implying local anti-EBNA-1 antibody production that can lead to immune (complex)-mediated pathology (45). Interestingly, more recent detailed epitope mapping studies have confirmed the prevalence of anti-EBNA-1 IgG and IgM in CSF and sera from MS-patients, and revealed possible cross-reactive peptide mimicry epitopes, as will be detailed later (46, 47). The presence of high levels of anti-EBNA-1 antibodies and oligoclonal bands in CSF may reflect increased activation and locoregional multiplication with subsequent T-cell mediated apoptotic elimination of B-cells that are latently infected with EBV (26).




Figure 2 | Processing, presentation and position of EBNA-1 epitopes for CD4+, CD8+ T-cells and antibodies (B-cells). Viable persistent and “reactivating” EBV infected B-cells secrete EBER1 and LMP1 containing exosomes in the head & neck lymphoid microenvironment, continuously activating resident myeloid cells (possibly including microglia and astrocytes) for innate inflammatory signaling and increased antigen-uptake, digestion and presentation. Such innate signals may attract and pre-activate T- and B-cells to the inflammatory site. In EBV carriers, lifelong strong adaptive CD4+ and CD8+ cytotoxic T-cell immunosurveillance exists against replicating latent (Latency-I,-II,-III) and reactivating (Latency-III, Lytic) EBV-infected B-cells recognizing viral peptides bound to surface MHC-I or MHC-II molecules, resulting in release of pro-inflammatory cytokines. This T-cell surveillance is causing repetitive apoptotic cell death of EBV-infected cells and release of nuclear content as apoptotic bodies, enhancing the local inflammatory milieu. Such apoptotic bodies contain EBNA1-DNA (and host protein) complexes which are taken-up by antigen-presenting cells (APC), digested and presented in MHC-II for further CD4+ T-help and cytokine activation. EBNA1-dimers and multimeric EBNA1-DNA complexes also bind to the B-cell receptor (BCR) on B-cells, directly triggering anti-EBNA1 antibody responses, supported by local CD40 T-cell interactions and cytokines (IL4, IL10, IL17A). Prevalent anti-EBNA1 antibodies may form (complement-containing) immune complexes with released EBNA1-dimer/-DNA resulting in Fc-receptor (FcR) uptake into APC’s and processing for MHC-II cross-presentation. Binding to B-cell receptor (IgM-IgD) directly triggers anti-EBNA1 antibody responses and possible anti-self autoimmune responses mediated by EBNA1-bound DNA and host nuclear proteins (i.c. ORC-complex) or via the mimicry domains within the EBNA1 sequence (see Table 1).





Cellular Immune Responses Against EBV

EBV-reactive T lymphocytes are abundant in the circulation of EBV carriers and pivotal in controlling EBV homeostasis by eliminating undesired and potentially dangerous (re)activated EBV-infected B-cells (24). It is estimated that in healthy EBV carriers about 1% of all circulating T-cells are responsive to EBV-derived antigenic peptides, with latency-associated and immediate early lytic proteins being prime targets (23). CD4+ T cell responses are dominantly directed against EBNA-1, recognizing 12-15 mer peptide epitopes located within the stable EBNA-1/DNA dimer structure, suggesting complete complex degradation “in trans” in APCs (myeloid dendritic or B cells) before presentation on MHC-II to CD4+ T cells (48) (see Figure 2, epitopes in top section). On the other hand, CD8+ cytotoxic T cells (CTLs), which recognize MHC-I associated 8-mer peptides processed “in cis” by the host cell proteasome and presented on the surface of EBV infected cells, are much less abundant and very restricted in epitope recognition (24, 44, 49). Importantly, elevated EBNA-1 specific T-cell responses are detectable during initial stages (CIS) of MS and are predictive for symptomatic MS progression in parallel with anti-EBNA1 serology (40). Aberrant EBV-specific T-cell control has been found in MS patients, as will be detailed here below.



EBV Persistence and Dysregulation of EBV Homeostasis in MS

Throughout life, EBV remains immunologically silent (Latency-I) in small numbers of B- cells (1 in 105) in the blood, which home to the head and neck lymphoid tissues (15). EBV-infected B-cells periodically reactivate during lymph node passage to form new EBV+ B-cells (Latency-II/-III) or become plasma cells that may reproduce virus (lytic stage), leading to virus shedding in saliva and blood, but both types of reactivation are tightly controlled by CTLs to EBV latency-II/-III and immediate early lytic antigens to prevent B-cell lymphoproliferation (24). Importantly, physiological and immunological stressors can trigger inflammatory events that reactivate EBV from latency and drive multiplication of EBV-carrying B-cells (50, 51). Such aberrant state of EBV latency and/or reactivation proximal to the CNS may deregulate and enhance local (anti-EBV) inflammatory responses by release of exosomes (see Figure 2, lower section) containing EBV-encoded immunomodulatory RNAs (EBER1, miRNA) and proteins (LMP1). These exosomes may influence locoregional cellular functions and cytokine milieu (30, 31). CTL-mediated elimination of EBV+ B-cells may create apoptotic bodies containing EBNA1 that will be taken-up by local APC and induce further anti-EBV T-cell activation and associated (IL-17A) cytokine release. These locally produced cytokines are further affecting normal immune balances, triggering blood-brain-barrier (BBB) permeation and possible local oligodendrocyte (ODC) disfunction (52–54). Episodes of (natural or therapy-induced) immune suppression and T-cell dysfunction are clearly related to and provide evidence for the importance of a well-balanced immune control over EBV-reactivation and B-cell proliferation (17, 55). Several studies have addressed in detail the T-cell operators and viral targets involved in maintaining a life-long balanced immune control over EBV and their potential exhaustion and dysregulation in MS (24, 56, 57).

Aberrant T-cell responses in CSF and CNS have been widely associated with MS, and a dysregulated T-/B-cell interaction may be fundamental to MS pathogenesis (58–60). The trigger(s) for initiating and maintaining this dysregulated immune balance in the CNS remains elusive. Intrathecal EBV-specific T-cell responses against EBV and/or auto-antigens have been identified and may be involved in MS pathogenesis (61–65). These can reflect autoreactive EBV-infected B-cells entering the CSF from the blood (Pender’s hypothesis (66); and becoming activated locally, thus triggering inflammatory signaling and initiating EBV-specific or auto- (cross-) reactive CTL responses in the CNS. Alternatively, inflammation or stress-induced activation of (EBV-carrying) B-cells in meninges or locoregional lymphoid tissues may trigger cytokine responses and/or EBV encoded small-RNA (EBER)-induced inflammation via exosome secretion (Figure 2, lower section) that affect BBB integrity and allows anti-EBV immune cell passage and activation of microglia and astrocytes and dysfunctional of ODCs that together cause neuronal damage (2, 31, 51, 67–72).

Support for the hypothesis that anti-EBV inflammatory responses may be associated with the onset of MS came from reports of high levels of CTL activation against EBV but not CMV in the course of early MS (73). Studies on the characterization of CTLs to latent and lytic EBV antigens in relapsing-remitting MS (RRMS) found an expansion of CTLs specific for lytic EBV antigens (Zta/BZLF1 and BMLF1) during active disease in untreated MS patients but not in patients treated with natalizumab (74). Furthermore, the frequency of CTLs specific for EBV lytic and latent antigens was higher in active and inactive MS patients than in controls (74). More recently, activated EBV-specific CD8+ T-cells were found to predominate in CSF of MS patients compared to non-MS controls (63). Characterization of CD4+ T-cell responses in MS patients also showed dysregulation with strikingly elevated frequencies of EBNA-1-specific CD4+ memory T cells, with increased proliferative capacity and enhanced IFN-γ production (40, 75). T-helper (Th) cell responses to three other latent and three other lytic immunodominant EBV antigens and CMV epitopes did not differ between patients and controls suggesting that EBNA-1 specific Th1 cells in MS are capable of sustaining autoimmunity (75). Multiple auto-antigen targets have been defined for CNS-derived T-cells, some of which are specifically expressed on activated EBV-carrying B-cells and share MHC-II restricted antigenic epitopes with EBV proteins, in particular EBNA-1, as will be detailed later (63–65, 76).



EBV Status and the MS Brain

Disruption of the BBB facilitates translocation of EBV-infected B-cells, inflammatory cytokines (i.c. IFN-1, TNF-α, IL17A), exosomes as well as anti-EBV antibodies and EBV-specific immune cells. One important question, which warrants further study, is how EBV and/or its products enter the MS brain during inflammatory events that (temporarily or chronically) permeate the BBB and whether such entrance is an early (triggering) or late (bystander) event in MS pathogenesis. As EBV resides in B-cells, which are able to traverse the “inflammation-damaged” BBB and traffic into CNS, its presence could be a mere bystander phenomenon. Recent studies indicate that epigenetic manipulation, for instance by inflammatory cytokines, can drive activation and CNS infiltration of EBV-infected B-cells (77). On the other hand, during periods of (EBV-related)? inflammation in locoregional lymphoid patches in the parenchyma, EBV+ B-cells and EBV-products in exosomes produced by such B-cells may cross the BBB and be taken-up by microglia cells to cause localized CNS inflammation (31, 78, 79). This would fit well with the characteristic MAPKERK activation status of microglia and astrocytes in MS lesions, which are not directly infected with EBV (2, 9).

The detection of EBV in the MS brain is not without controversy (80). Although initial PCR studies failed to find traces of EBV genome in MS-related CNS tissue biopsies (81), a 2007 report of abundant EBV infection and widespread EBV reactivation in acute MS but not in other inflammatory central nervous diseases triggered much attention (82). However, despite rigorous efforts, these findings could not be confirmed in subsequent studies by others (83–85). Additional studies demonstrated localized EBV-infection in both MS and control brains (86, 87). Early studies reported meningeal B-cells within specific structures, referred to as tertiary lymphoid follicles with a germinal center-like architecture and denoted as major sites of EBV persistence in the MS brain (82), which however were found mostly negative for EBV in other studies (83, 84). The reasons for these opposite findings may be due to technical issues, such as degradation of RNA, the use of different MS tissues, differences in reagents, and non-specific staining of EBER+ cells by in-situ hybridization leading to cytoplasmic instead of nuclear staining (80). More recent studies, using similar techniques have detected EBV in sporadic cells in 90% of MS cases compared to only 24% of non-MS cases with other neuropathologies with EBV-infection being present in microglia and astrocytes, besides B-cells (88). The presence of EBV-infected B cells in or near the CNS and the anti-EBV immune responses in CSF of MS patient implicates that EBV-related products released from “activated” infected cells (i.e. EBNA-1-DNA complexes and/or EBER-containing exosomes) may provide persistent triggers for local (neuro-)inflammation. Further detailed analysis of laser-cut CNS and meningeal tissue lesions suggested low-level EBV presence and prevalent activated EBV latency or restricted (abortive) viral reactivation capable of triggering localized anti-EBV T-cell responses in CNS of patients with active progressive MS (61, 87, 89).

If EBV is finally incriminated, how could latent infection play a role? Latent EBV-infection may activate innate immune responses and thereby drive neuroinflammation in the MS brain (86). The detection of EBER+ cells in active white matter MS lesions was linked to the overexpression of the innate cytokine interferon-α (IFN-α) by cells with the morphology of microglia and macrophages (86). IFN-α is part of the type-I interferon family and an important player in anti-viral immunity. Its biological effect is distinct from IFN-β, which is also used to treat MS as discussed below. Latent EBV infection may contribute to neuroinflammation by triggering IFN-α production, as supported by the findings that EBERs can bind to Toll-like receptor 3 and potentially other intracellular receptors such as retinoic acid-inducible gene 1 (RIG-I) and elicit IFN-α production (31). However, these findings were not exclusive to the MS brain, as EBER+ cells were also found in cases of stroke and CNS lymphoma (86). This is also supported by more recent studies (87). Interestingly, recent studies have revealed a link between innate iNKT cells and B-cell responses, which would substantiate the potential role of EBV-derived inflammatory products (EBER-1 in exosomes, EBNA-1-DNA complexes) as triggers for dysregulated (autoimmune) B-cell responses (90). Whether MS-triggering EBV activity is located within the CNS or its boundaries remains to be determined, as well as whether such EBV activity is an MS initiating event or a consequence of (autoimmune)? inflammation.



EBV Status and Lymph Nodes in MS

Despite the dogma that the CNS has “immune privilege” to mitigate immunological damage to neurons, neuroimmune interactions may play an important role in the MS brain. There is increasing evidence for an intimate interaction between the brain and the immune system in the dural sinuses (91). Lymphatic vessels in the meninges provide an important link between the CNS and peripheral immune system and can play a role in autoimmunity in MS (91). Vessels in the dura mater that drain CSF from the brain to the cervical lymph nodes and pathogens in lymph nodes can lead to the initiation of immune responses. B-cells seem to traffic freely across the tissue barrier, with the majority of B-cell maturation occurring outside of the CNS in the secondary lymphoid tissue (92). Furthermore, CNS B-cells have access to lymphoid tissue where they may encounter antigen and experience activation and affinity maturation.

There is evidence to suggest that cervical lymph nodes may serve as a latent viral reservoir due to dysregulated EBV activation (61, 87, 89). Histopathological findings of MS tissue from cerebral hemisphere, brain stem, and cervical lymph node of a patient with primary progressive MS (PPMS), who died of an ischemic stroke, showed EBER+ cells within B-cell follicles in the paracortex of the cervical lymph node (93).



EBV and Molecular Mimicry in MS

Autoimmunity can be caused by TCR-independent bystander mechanism or by cross-recognition of autoantigens when antigenic epitopes shared between a pathogen and host generate a cross-reactive B- or T-cell response that breaks self-tolerance and causes antibodies or T-cells respectively to damage host tissues. The concept of molecular mimicry at the level of T-cells causing the autoimmune disease was first elaborated by Ebringer in 1979 (94). A molecular mimicry hypothesis for MS has been proposed, whereby epitopes in viral pathogens, such as EBV, endogenous retroviruses, HHV-6 cross-react with epitopes in brain proteins and elicit cross-reactive B- or T-cell responses, which create inflammatory triggers and immunopathology (95–97).

EBV is thought to lead to marked immune activation and stimulate autoreactive T-cells via molecular mimicry between foreign agents and myelin peptides (98). These findings are supported by mechanistic studies into the structure of the T cell receptor (TCR) from an MS patient, which recognized both a DRB1*1501-restricted myelin basic protein (MBP) peptide and a DRB5*0101-restricted EBV peptide. Both HLA-peptide complexes revealed a marked degree of structural similarity at the surface presented for TCR recognition, which provided structural evidence for molecular mimicry involving Class-II HLA molecules (99). Recent studies in a humanized mouse model confirm a central role for HLA-DR15 restriction elements in causing aberrant anti-EBV immune responses with risk of autoimmunity (100).

Prior studies addressing the possibility of molecular mimicry in MS found clonally expanded EBNA-1-specific CD4+ T-cells that potentially contributed to the development of MS by cross-recognition with myelin antigens (75, 101). MS patients showed increased T-cell responses to EBNA-1 but not to other EBV-encoded proteins nor to other viruses such as influenza, HSV-1 and CMV. An expanded reservoir of EBNA-1-specific central memory CD4+Th1 precursors and Th1 (but not Th17) polarized effector cells recognized myelin antigens more frequently than other autoantigens that are not associated with MS (101). More recent findings shed light on how EBV may trigger mimicry-based autoimmunity, suggesting a crucial role for EBNA-1 in inducing mimicry-based self-reactivity as summarized in Table 1 and visualized in Figure 2. Antigenic products induced by EBV within (e.g. alpha B-crystallin (CRYab) (105, 106, 114), or released from EBV infected B-cells (i.c. EBNA-1-DNA, LMP1,2 in exosomes, Lytic phase components) are thought to activate HLA-DR/peptide reactive CD4+ T-cells, which then respond to potentially “pathogenic” self-peptides or autoantigens with EBV-related amino acid sequence homology (= mimicry) such as myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), neurofilament light chain (NFL). Multiple putative cross-reactive epitopes in human and EBV proteins interacting with IgG from CSF or serum from MS patients have been identified (Table 1). A recently identified pathogenic self-peptide is derived from the RAS Guanyl Releasing Protein 2 (RASGRP2), which is expressed by B-cells but also in neurons and other brain cells. B-cells presenting RASGRP2-derived peptides are thought to trigger autoreactive T-cells, similar to CRYab (65, 76, 102, 104, 114). These HLA-DR-self peptide-reactive CD4+ T-cells can cross the BBB and enter the brain where they orchestrate an autoimmune attack by producing inflammatory mediators leading to demyelination and axonal injury.


Table 1 | Overview of viral proteins involved in antigen mimicry in MS.



A structural approach to investigate molecular mimicry identified a structurally related pair of peptides from EBNA-1 and β-synuclein, a brain protein implicated in MS (102). Binding experiments showed the binding of the predicted peptides to HLA DR2b with characteristics comparable a with the well-known Th-epitope in myelin basic protein (MBP). Structural modeling of the peptides with HLA DR2b revealed binding to the peptide-binding cleft similar to MBP and relative conservation of the surface exposed, potential TCR contact residues in the two peptides. This suggests that molecular mimicry is possible between the EBNA-1 and β-synuclein peptides.

A recent study presented a case for molecular mimicry between Anoctamin 2 (ANO2) and EBNA- 1 associates with MS risk (104). ANO2 is a chloride channel protein expressed in the CNS. MS patients showed increased autoantibody reactivity to ANO2 with high sequence similarity between epitopes in ANO2 and EBNA-1 (Table 1).

Whether antigenic mimicry is a cause or consequence of MS-related inflammation and is driven by the mimicry-domains in EBNA-1 remains to be established.



EBV and Reactivation of Human Endogenous Viruses

The regular (stress-triggered) reactivation of EBV in or near the CNS with associated activation of host genes and release of EBV-encoded components, together with the loco-regional (anti-virus/-self) inflammatory cytokine responses triggered by and against EBV, may set-of a number of cellular signaling events in actively responsive as well as bystander cells (B-/T-cells, glia-astrocytes, ODCs). These EBV-induced molecular events may lead to changes in transcriptional control/activation of viral sequences encoded within the germline genome, in particular endogenous retroviruses (HERV) and integrated HHV6A (each individually detailed further below). Well known examples are the induction of HERV-K18 (115, 116) and HERV-W (117) gene-products by EBV infection in B-cells and/or cytokine-driven reactivation (118) of these endogenous viruses. The induced HERV-K18/-W proteins may serve as “superantigens” further inducing polyclonal Vβ TCR-driven activation and associated cytokine releases (119). On the other hand, it has been described that endogenous retroviral elements (i.c. HERV-W-env (Syncytin-1) may enhance lytic viral gene expression of gamma-herpesviruses in latently infected B-cells, making the interaction two-sided (120). Dysregulated (virus- or cytokine-induced) expression of HERV-K/-W elements have clear implications for the pathogenesis of multiple neurological disease, including MS (121), secondary to the initial triggering by EBV-driven mechanisms. Of relevance is the possible induction of mitogen-activated protein kinase extracellular signal-regulated protein kinase (MAPK-ERK) (122) pathway in HERV-W-ENV expressing cells, which is characteristic of MS glia-cell activation (9). Together, these observations strengthen the 3-viral cascade hypothesis (123), with EBV as leading pathogen (Figure 1) and comprising a multi-factorial interaction of virus-, altered self or mimicry- and cytokine-driven inflammatory pathogenic events underlying the different manifestation of MS disease, being non-progressive (CIS), reiterating (RRMS) and progressive (SPMS, PPMS) with increasing neurological damage.



Future Studies on the Relationship Between EBV and MS

Defining the roles of autoimmune responses as cause or consequence in the pathogenesis of MS and their potential link to viral antigen mimicry and auto-reactive EBV-infected B-cells merits further analysis. This also holds for the putative inflammatory role(s) of EBV-derived components (EBERs in exosomes and/or EBNA1-DNA complexes) in triggering loco-regional activation of the MS-characteristic inflammatory MAPK pathway in microglia (2, 9). The role and mechanism of EBV and cytokines on activating other endogenous viruses, such as HERVs and HHV-6 also deserves attention (9). Since all MS patients are EBNA-1-IgG positive, the involvement of EBNA-1-IgG immune complex formation and inflammation near CNS should be further analysed. Single cell sorting could be utilized to provide more definitive proof on the presence and status of EBV (analysis of viral DNA and RNAs) in the MS brain and nearby regional lymphoid tissues (61, 89). Frozen tissue containing (pre-)active HLA-DR+ lesions with reactive glia-cell and ODC-clusters from MS cases will be needed to perform single-cell B cell receptor (BCR) and TCR sequencing as was recently done on Alzheimer’s patient biopsy material (124). Cell types can be selected based on cell-specific protein markers and many features may be used simultaneously to classify cells by molecular analysis (125). EBV-specific TCRs have been detected in the CSF from patients with Alzheimer’s disease. However, these data are not direct evidence of a causal link between EBV and Alzheimer’s disease (124). A search for EBV-DNA, EBER1-RNA, EBV encoded miRNA or EBNA-1/LMP-1 in combination with single cell analysis of CNS cell type-specific RNA, T-cell lineage and TCR sequence has not yet been conducted in in MS patients to our knowledge, but methods to do so are being developed (126, 127). Similarly, the presence, frequency and level of HERV-K/-W RNA as well as HHV6A gene-expression in defined cell types in MS-related (early) CNS lesions requires further analysis. Other interesting topics include the link between bacterial infection (periodontitis, inflammatory bowel disease, etc.), short-chain fatty acids, and vitamin D status or “stress” factors and their influence on (chronic or repeated) EBV reactivation in causing neuroinflammation, exemplified by the well-defined effects of butyric acid, butyrate derivatives and glucocorticoids on ODC activation, triggering B-cell proliferation and switching EBV from tight latency into reactivation and lytic replication (128–131).



Therapeutic Approaches Targeting EBV-Infection in MS

Efforts to develop antiviral strategies for treating MS are underway. Interferon-β (IFN-β) is one of the first-line treatments of MS and an important player in antiviral immunity. However the mechanism by which the therapeutic effect takes place remains somewhat elusive to date. It is thought that IFN-β has antiproliferative effects and down-regulates T-cell activation by altering the expression of proteins involved in antigen presentation, and promotes the differentiation of activated T cells away from a Th1 response (pro-inflammatory) and towards a Th2 response (anti-inflammatory). Clinically effective IFN-β therapy was associated with a downregulation of proliferative T-cell responses to EBNA-1 and showed efficacy in reducing pHERV-W and HHV6-A plasma viral loads, two additional viral risk factors in the context of MS, as will be described further below (132, 133).

New monoclonal antibody-based treatments targeting B-cells have recently been introduced and proven highly successful in reducing MS clinical symptoms. The idea that these treatments impact on the B-cell-tropic EBV warrants further study (8, 134). The B-cell depleting antibody ocrelizumab significantly reduced annual relapse rate and dramatically limited the appearance of new Gadolinium-enhanced T2 lesions, as well as disability progression (135). However, this treatment proved less effective in more advanced progressive stages of MS and is not considered curative. The use of haemopoietic stem cell transplantation (HSCT) has been suggested as curative MS-treatment aiming at the elimination of pathogenic reactive lymphoid cells and to re-boost the immune system. Interestingly, autologous HSCT may deplete EBV from the pathogenic equation, as early studies indicated complete elimination of endogenous EBV by HSCT (136). However, EBV-elimination is not guaranteed after HSCT and the HLA-DR based genetic susceptibility for MS remains, whereas the health risks associated with HSCT are considerable and HSCT may not be suitable for all categories of MS (137).

Studies examining the effect of antiviral and antiretroviral drugs on MS disease activity are currently planned. In past antiviral trials targeting herpes virus, treatment only reduced lytic viral replication without affecting latent virus. Several nucleoside analogs have been shown in-vitro to impact EBV lytic replication including acyclovir and penciclovir, ganciclovir and tenofovir (138). A case report described the resolution of MS symptoms, which remained subsided for more than 12 years (139), in a MS patient diagnosed with HIV after starting HIV antiretroviral therapy. It is interesting to speculate to what extent the observed benefits reflect an impact of anti-retroviral therapy on neuroinflammation and on EBV-mediated disease mechanism.

A novel strategy is currently tested to eliminate EBV-infected B-cells using an EBV-specific CD8+ T-cell therapy. Autologous or allogeneic infusion-cell therapy studies by Pender and colleagues have focused on inducing CTL activity against latent EBV proteins (140). A phase-1 trial of autologous EBV-specific T-cell therapy in progressive MS showed short-term clinical improvement in 7 out of 10 patients and noted no serious adverse effects. The patients were treated with four escalating doses of in vitro-expanded autologous EBV-specific T-cells targeting EBNA-1, LMP1 and LMP2A. Clinical improvement following treatment was associated with the potency of EBV-specific reactivity of the administered T-cells. However, the beneficial effect was sustained in a limited number of cases in this trial (141).

Targeting neuroinflammation via Fc- (FcR), B-cell (BCR) and Toll-like receptor signaling may also be achieved with Bruton’s tyrosine kinase (BTK) inhibitors. BTK is a signaling molecule involved in maturation and activation of B-cells through BCR and FcR. BTK has been demonstrated to also play an important role in signaling pathways of multiple Toll-like receptors (142, 143). The BTK inhibitor AG126 has recently been tested in experimental autoimmune encephalomyelitis (EAE), the animal model of MS, and reduced clinical symptoms, immune cell infiltration in the CNS, microglia activation and myelin damage, and decreased Th17 differentiation. BTK inhibitors also impacted LMP2A mediated IL-10 production crucial for EBV survival by increasing STAT3 phosphorylation via a PI3K/BTK-dependent pathway (144). A recent clinical trial examined the BTK inhibitor evobrutinib in a phase 2 clinical trial in MS. Patients with RRMS who received 75 mg of evobrutinib once daily had significantly fewer enhancing lesions during weeks 12 through 24 than those who received placebo (145). However, there was no significant difference with placebo for the other dosing regimes, nor in the annualized relapse rate or disability progression at any dose. A second oral BTK-inhibitor tolebrutinib, capable of passing the BBB, was also evaluated in a phase-2b trial with similar beneficial effects for the highest 60 mg dose with minimal side-effects (146). Newer BTK inhibitors are being developed, which more specifically inhibit BCR and FcR mediated signaling in B-cells and myeloid cells, which may have impact on the proposed reactive T-/B-cell and EBV-EBNA1 antigen-driven inflammation in MS lesions (147). Alternative options to reduce neuroinflammation in MS include inhibition of fibroblast growth factor receptor and MAPK-signaling (9, 148, 149) or use of ursolic acid, a well-tolerated oral drug that reduced neuroinflammation and stimulates remyelinisation (150).

Suppressing the function of EBNA-1, as crucial viral gene for EBV DNA maintenance in B-cells, is being tested for treatment of EBV-driven cancers, including lymphomas and carcinomas. Such an approach may also prove relevant for MS treatment, provided that EBV within B-cells indeed is a master player in MS pathogenesis (151, 152).




Human Herpesvirus 6 and MS


A Brief Description of HHV-6

Human herpesvirus 6 (HHV-6) is a ubiquitous β-herpesvirus associated with a number of clinical disorders including MS. Two closely but biologically distinct variants (HHV-6A and HHV-6B) have been described with different tropisms. Although some authors have described a possible relation between HHV-6B and MS (153), HHV-6A is more strongly associated with MS (154, 155). HHV-6 has a seroprevalence rate of 70 to 90 percent in the human population (156). Most adults become infected as infants and have seroconverted by the age of two. There have been reports of neuroinvasion and persistence of HHV-6 in children with neurological complications, e.g. febrile seizures and encephalitis (156, 157). The virus can reactivate, especially in cases of immune deficiency, such as in acquired immune deficiency syndrome (158). HHV-6 also has the capacity to be inherited in a Mendelian fashion in up to one percent of the population as chromosomally integrated HHV-6 in which the complete HHV-6 genome is integrated into the telomere of every chromosome (159).



HHV-6 Infection and MS

A question of interest is how HHV-6 can cause or contribute to neuroinflammation in MS as it is considered a risk factor for MS (160). New animal models have recently been established, mainly for HHV-6A and reproduced some pathological features seen in humans. Animal models have been slow to develop because rodents lack CD46, the receptor for cellular entry of the virus. It is hypothesized that HHV-6 can modulate the functions of the CD46 receptor by binding to it and levels of soluble CD46 are increased in the serum of patients with MS (161). Studies in a CD46 transgenic murine model of HHV-6A infection described persistent infection of the brain (162) with infiltrating lymphocytes in periventricular areas of the brain indicative of neuroinflammation. HHV-6A triggered chemokine and cytokine production via stimulation of Toll-like receptor 9. The marmoset model showed that animals inoculated intravenously with HHV-6A exhibited neurologic symptoms, while marmosets inoculated with HHV-6A intranasally stayed asymptomatic (163). Other studies showed that HHV-6A can enter the CNS via the olfactory pathway (164).

Several groups have reported the presence of HHV-6A in MS plaques and normal-appearing white matter within the MS brain as well as in normal controls (155, 165). A groundbreaking report in 1995 obtained evidence that HHV-6 was a common commensal virus of the brain expressed in neurons and glial cells (165). Expression of HHV-6 antigens was observed in oligodendrocytes in MS cases, but not in various controls. Moreover, in MS patients, nuclear HHV-6 staining in oligodendrocytes was most commonly associated with MS plaques. These findings were later confirmed and HHV-6A genome-containing cells, including ODCs, were detected in biopsy specimens of acute MS lesions (166). In addition, an association was found between HHV-6A reactivation and disease activity in RRMS and secondary progressive MS (SPMS) (167). The increase of the anti-HHV-6A/B IgG and IgM titers predicted clinical relapses and highlighted their usefulness as disease biomarker of clinical response to the different disease-modifying treatments (DMTs) (155). In addition, increased IgM serum antibody responses to HHV-6 early antigen (p41/38) were detected in patients with RRMS when compared to patients with primary progressive MS (PPMS), SPMS, patients with other neurologic disease, patients with other autoimmune diseases, and normal controls (168).



HHV-6 and Molecular Mimicry in MS

Molecular mimicry between HHV-6 and brain proteins has been suggested and may help understand the potential role of HHV-6 infection in the activation of autoimmunity and its implication in the pathogenesis of MS (Table 1). Sequence similarity between MBP residues 93-105 and the U24 protein of HHV-6 has been identified (113). The precursor frequency of cross-reactive CD4+ T-cells recognizing peptides from MBP and U24 were significantly elevated in MS patients compared to healthy controls.

HHV6A has also been found to activate a HERV-K18-encoded superantigen, which in turn activated T-cells carrying receptors of the Vβ13 family (169). T-cell clones, activated in this way, had TCRs that recognized the immunodominant encephalitogenic MBP peptide (residues 83-99) presented by HLA DR2b, thereby demonstrating the potential for causing immunopathology in HLA DR2b-positive MS patients (113).



Transactivation of EBV and HERV by HHV-6

Transactivation can be triggered by viral proteins, also called transactivators, which act in trans (i.e. intermolecularly) in the same co-infected host cell. The transactivation of EBV by HHV-6 was described whereby HHV-6 upregulated the immediate-early EBV Zebra gene transcription through a cyclic AMP-responsive element associated with the Zebra gene (170, 171). Additional studies showed that HHV-6 variant A, but not variant B, infected EBV+ve B-cells activated the endogenous latent EBV genome through a BZLF-1-dependent mechanism (172).

HHV-6A also transactivated other viruses. HHV-6A and HHV-6B induced transcriptional activation of the endogenous retroviral superantigen HERV-K18 (169, 173). An interesting recent study reported that HHV-6A increased the expression the envelope protein of a pathogenic version of HERV-W in human glial cell lines, supporting the hypothesis that HHV-6 infection may promote neuroinflammation (174).




Human Endogenous Retrovirus W


A Brief Description on HERVs

Human endogenous retroviruses (HERVs) are remnants of ancient RNA viruses that have DNA copies of their genome incorporated into the human genome (175). HERVs compose approximately 8% of human DNA, although many HERVs have undergone loss of function mutations in critical genes or become highly truncated (176, 177). The possible roles of different HERV family members in MS have been comprehensively reviewed recently, including how immune activation, inflammation, and oxidative stress can influence the transcription of HERV genes (178). HERV-W family members have particularly attracted attention. Among the 13 HERV-W loci with full-length env genes coding for viral envelope proteins in the human genome (179), only a single gene located in chromosome 7q21.2 and coding for Syncytin-1 has an uninterrupted open reading frame. Syncytin-1 has evolved or undergone exaptation to perform an important fusogenic function in human placentation in the fusion of cytotrophoblasts to form the placental syncytiotrophoblast (180). Another HERV env protein termed Syncytin-2 from a different HERV family, HERV- FRD, has also been similarly exapted to play an essential fusogenic role in forming the placental syncytiotrophoblast (181).



HERV-W Envelope Proteins and MS

An MS-associated retrovirus termed MSRV, also a member of the HERV-W family, has been particularly implicated in MS because virus particles and reverse transcriptase activity were detected in MS patients (182). MSRV env protein has been found to be present in microglia associated with myelinated axons in MS lesions, and implicated in inflammatory myelin and neuron damaging activity by microglia in vitro (183). A humanized IgG4 monoclonal antibody to MSRV env has been reported in a clinical trial to show a neuroprotective effect in RRMS (184). MSRV env has also been detected in macrophages, astrocytes and infiltrating lymphocytes within lesions (185). The MSRV env is 87% identical to Syncytin-1 in amino acid sequence by BLAST analysis (95), and to clearly differentiate the two proteins and their origins, which has in the past caused confusion in the literature, MSRV is now referred to as pathogenic HERV-W or pHERV-W (183). The genomic origin of the pHERV-W env protein remains a puzzle in view of the absence of a full-length gene for a HERV-W env protein other than Syncytin-1. However, it has been proposed that pHERV-W env may be derived from a HERV-W gene on the X chromosome at Xq22.3, which has a premature stop codon at position 39, through a process of somatic mutation or trans-splicing (186).

HLA Class II DR2b (composed of the DRB1*1501 β chain that pairs with a relatively invariant DRA1*0101 α chain) is the strongest genetic risk factor for multiple sclerosis (187). pHERV-W env, Syncytin-1 and Syncytin-2 on one hand and the three myelin proteins that are principal targets of an autoimmune response in multiple sclerosis (MBP, PLP and MOG) showed sequence similarities between potential Th cell epitopes within pairs of viral and myelin peptides predicted to bind HLA DR2b (95). A set of the sequence homologous peptides from pHERV-W env, Syncytin-1, Syncytin-2, and MOG were shown to bind to HLA DR2b molecules in an in-vitro assay (102). These results were consistent with a molecular mimicry hypothesis (95, 102) that brings together the genetic (i.e. HLA) and viral (i.e. HERV-W) factors that influence susceptibility to MS (Table 1). Furthermore, it is speculated that EBV may provide the necessary immune activation and inflammatory stimuli that permits transcription of the pHERV-W env gene (95, 102), and also that the EBV protein EBNA-1 may provide the trans-splicing activity needed to synthesize the full-length pHERV-W env protein (102). It has also been postulated that HHV-6 may synergize with pHERV-W to initiate MS (174).



Syncytin-1, Syncytin-2, and MS

Syncytin-1 binds to the Na-dependent amino acid transporter-1 and -2 (ASCT1 and ASCT2) (188), which are also expressed in neurons and glia (189). It has been suggested that Syncytin-1 expression increases in monocytes during infections and MS relapses, two conditions reflecting inflammation (119). Syncytin-1 has been reported to be up-regulated in activated lymphocytes, monocytes, and effector NK cells, suggesting a role in the first steps of immune cell activation (119). However, these studies used a commercial antibody against an unknown peptide of unspecified length from the N-terminus of the Syncytin-1 protein, and it is possible that this antibody recognizes pHERV-W env instead of Syncytin-1 in the targeted tissues because of the 87% amino acid sequence identity between the two proteins. Therefore, further clarification is needed on whether these studies (119) detect and differentiate pHERV-W env and Syncytin-1.

However, the immunological role of potential MOG-cross-reactive Th cell epitopes potentially present in Syncytins-1 and -2 are an enigma that needs resolution. It is possible that these epitopes in these two ‘natural’, and therefore potentially tolerogenic, human proteins may have an immune regulatory role in preventing molecular mimicry-led immune damage. The 87% amino acid sequence identity between Syncytin-1 to pHERV-W env and the 38% amino acid sequence identity between Syncytin-2 and pHERV-W env by BLAST analysis make further study of Syncytin-1 and -2 important. Both Syncytins-1 and -2 functions have immunosuppressive functions (190). Syncytin 2 decreased Th1 cytokine production (191), and Syncytin-1 inhibited production of TNF-α, IFN-γ, and CXCL10 (192). However, such immunosuppressive functions have not been demonstrated for pHERV-W env, which instead shows inflammatory properties (183, 185, 192). The basis for the differences in immunological properties of three homologous proteins pHERV-W env, Syncytin-1 and Syncytin-2, however, remain to be fully elucidated. Differences in fusogenic functions are related to differences in amino acid sequences because only Syncytin-1 and Syncytin-2, and not pHERV-W env, have sites for cleavage by the protease furin that is necessary for initiating membrane fusion of cytotrophoblasts to form syncytiotrophoblasts in the placenta (190). The putative 16-amino acid immunosuppressive domain of Syncytin-1 differs from the corresponding sequence in pHERV-W env by a charge-altering glutamic acid to lysine change (102) that may eliminate immunosuppression. Differential binding of monoclonal antibodies to Syncytin-1 and pHERV-W env demonstrate antigenic differences and there also differences in membrane localization and oligomerization properties of the two proteins (193). Furthermore, Syncytins 1&2 are mainly expressed in the developing placenta and are also present as components of placental exosomes formed in a tolerogenic environment, while pHERV-W env is known to be produced in an inflammatory environment in the CNS (183, 185). These differences between the two Syncytins and pHERV-W env may be pertinent to their varying roles in the etiology of MS, and require further investigation.



pHERV-W and MS

As virus particles displaying reverse transcriptase activity, pHERV-W has been particularly implicated in MS (194–196). It has been shown that the expression of the pHERV-W env gene product is significantly elevated in brain lesions in MS plaques and associated with the extent of active demyelination and inflammation (171, 172, 174, 175). pHERV-W can induce T-cell responses and pro-inflammatory cytokines release (197, 198). Sequencing pHERV-W in MS prompted the initial link between the HERV-W family and MS (199). pHERV-W mediates T-cells to cause neuropathology in-vivo (200). The HERV-W gene at Xq22.3 has been suggested as the potential cause for the higher prevalence of MS in women. However, the reported role of pHERV-W load in peripheral blood mononuclear cells (PBMCs) as a biomarker for MS needs more investigation (201).

During efficacious therapy with IFN-β, a longitudinal evaluation of patients revealed that viremia fell rapidly below detection limits; notably however, one patient, after initial clinical and virological benefit, had pHERV-W rescue, preceding strong disease progression and therapy failure (202). It was suggested that the evaluation of plasma pHERV-W could be considered the first prognostic marker for the individual patient to monitor disease progression and therapy outcome (203). A study of patients with optic neuritis, a disease frequently prodromic to MS, makes this possibility stronger as patients had significantly higher pHERV-W positivity than control groups (203).



Approaches Targeting pHERVs MS

One approach focusing on the postulated role of pHERV-W in the etiology of MS has been to initiate clinical trials with temelimab, an IgG4 humanized monoclonal antibody against the proinflammatory pHERV-W env (184, 204). Additional first attempts have been made in a clinical study with the HIV integrase strand inhibitor, raltegravir, which did not impact on disease activity but found interesting correlations between HERV-W markers, EBV shedding and new MRI lesions, independent from treatment effects (205). Other attempts are being made to induce tolerance and/or induce regulatory T- cells in MS, against specific encephalogenic peptide epitopes. Tolerogenic dendritic cells pulsed with peptides shown promise in preliminary clinical trials (206). Novel approaches have shown promise in mouse models of EAE for inducing regulatory CD8+ T cells (207) and regulatory CD4+T cells (208).




The inflammatory Cascade in MS Pathogenesis

Our understanding of the underlying immunopathology of MS is still incomplete. We propose that EBV, pHERVs and HHV-6A are part of an inflammatory cascade with mimicry-driven autoimmunity contributing to the pathogenesis of MS in genetically susceptible individuals (Figure 1). Based on the strong epidemiological link between EBV and MS our hypothesis predicts a leading pathogenic role for EBV and its products (Figure 2) in triggering CNS-localized inflammatory lesions characteristic of MS. This is paralleled by endogenous virus reactivation and interaction between the 3 viruses within and beyond the CNS-proximal immune system and points to testable pathogenic parameters and targeted treatment options.

In summary: EBV-infected B-cells in Latency-I programme circulate in blood and home to head and neck lymphoid tissues near the CNS, especially to meninges or brain lymphatics linked to Ring of Waldeyer lymphoid system, including tonsils (209–211). The EBV genome gets activated during passage through these lymphoid structures to replicate and produce new Lat-II/III B-cells (proliferative blast stage) that switch to the resting stage again (Lat-I/-0) when leaving lymphoid structures and re-entering the circulation (25). However, defined epigenetic triggers including hormonal stress factors, other infections (bacterial or viral) and related products or induced inflammatory cytokines may lead to EBV lytic reactivation and/or uncontrolled proliferation of EBV-infected B-cells and release of EBV products like EBNA-1-DNA complexes and EBER-exosomes, thus inducing or enhancing local inflammation and antigenic cross-presentation (Figure 2). EBV-infected B-cells are normally successfully eliminated by EBV-specific T-cells, however, overstimulation and uncontrolled proliferation may induce a state of T-cell exhaustion as seen in infectious mononucleosis, X-linked lymphoproliferative syndrome and HIV infection, allowing EBV-positive B-cells to escape T-cell surveillance (8, 56, 57, 62). Overactive EBV-Lat-III B-cells may then trigger further local inflammation and activation of endogenous pHERV-W/-K and HHV-6A in regional virus- or cytokine-activated cell types (lymphocytes, microglia, astrocytes and oligodendrocytes (Figure 1). This localized inflammation impacts on the integrity of the blood-brain barrier and facilitates translocation of (EBV-infected) B-cells, inflammatory cytokines, exosomes as well as anti-EBV antibodies (esp. anti-EBNA1), immune complexes and EBV-specific immune cells.

This basically EBV-driven process may lead to the activation of CNS-resident myeloid cells (microglia, astrocytes) into an M1-state (2, 9) and triggering pHERVs and HHV-6 together driving auto-reactive immune responses and damage to CNS-resident microglia and ODCs leading to neuronal damage by targeting and other neural self-antigens via molecular mimicry (Table 1). By eliminating EBV from the equation (i.c. by HSCT, anti-B-cell or anti-EBV T-cell therapy), and by inhibiting specific receptor-driven signaling (BTK, MAPK-ERK, JAK/STAT) or inducing the natural silencers of these signaling pathways (DUSP6), the multi-component inflammatory cascade underlying MS may be halted (2, 9, 210), overall reducing glia cells and astrocyte activation and inducing myelin damage repair to ultimately restore neural functions.



Concluding Remarks

Although gaps remain in our detailed understanding of the etiology of MS, the role of physiological, hormonal or cytokine-induced stress conditions triggering reactivation of persistent viral infections and driving aberrant innate and adaptive antiviral immune responses in MS deserves further attention. There is increasing evidence that an inability to adequately control reactivating infection with EBV, pHERV-W and HHV-6 in or near the CNS contributes to the immunopathology in MS, with MHC-II and antigenic mimicry enhancing the autoimmune component of MS pathogenesis. Additional investigations will help understand the conundrum of environmental triggers, reactivating viruses and genetic susceptibility factors in MS.
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Long non-coding RNAs (lncRNAs) have been recently reported to be involved in the pathoetiology of Parkinson’s disease (PD). Circulatory levels of lncRNAs might be used as markers for PD. In the present work, we measured expression levels of HULC, PVT1, MEG3, SPRY4-IT1, LINC-ROR and DSCAM-AS1 lncRNAs in the circulation of patients with PD versus healthy controls. Expression of HULC was lower in total patients compared with total controls (Expression ratio (ER)=0.19, adjusted P value<0.0001) as well as in female patients compared with female controls (ER=0.071, adjusted P value=0.0004). Expression of PVT1 was lower in total patients compared with total controls (ER=0.55, adjusted P value=0.0124). Expression of DSCAM-AS1 was higher in total patients compared with total controls (ER=5.67, P value=0.0029) and in male patients compared with male controls (ER=9.526, adjusted P value=0.0024). Expression of SPRY4-IT was higher in total patients compared with total controls (ER=2.64, adjusted P value<0.02) and in male patients compared with male controls (ER=3.43, P value<0.03). Expression of LINC-ROR was higher in total patients compared with total controls (ER=10.36, adjusted P value<0.0001) and in both male and female patients compared with sex-matched controls (ER=4.57, adjusted P value=0.03 and ER=23.47, adjusted P value=0.0019, respectively). Finally, expression of MEG3 was higher in total patients compared with total controls (ER=13.94, adjusted P value<0.0001) and in both male and female patients compared with sex-matched controls (ER=8.60, adjusted P value<0.004 and ER=22.58, adjusted P value<0.0085, respectively). ROC curve analysis revealed that MEG3 and LINC-ROR have diagnostic power of 0.77 and 0.73, respectively. Other lncRNAs had AUC values less than 0.7. Expression of none of lncRNAs was correlated with age of patients, disease duration, disease stage, MMSE or UPDRS. The current study provides further evidence for dysregulation of lncRNAs in the circulation of PD patients.
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Introduction

As a progressive neurodegenerative condition, Parkinson’s disease (PD) affects 2-3% of the whole population age more than 65 years with a gradually increasing incidence (1). This disorder is characterized by resting tremor, bradykinesia, rigidity of muscles, balance disturbances, postural instability and a number of non-motor manifestations, particularly cognitive dysfunction which affects the vast majority of PD patients (2). PD is associated with alteration of expression and activity of several genes, particularly those related with dopamine-dependent oxidative stress (3). Many genetic and environmental risk factors of PD converge in pathways inducing cell death in dopaminergic neurons. In fact, high level of dopamine in cytoplasm of nigral neurons has been associated with dopamine oxidation and production of reactive oxygen species which have detrimental effects on these neurons (3). Cumulatively, dopamine-associated oxidative stress, dysfunction of synaptic vesicles and misfolding of α-synuclein produce an extending vicious cycle which perpetually results in death of dopaminergic neurons (3). PD has been associated with dysregulation of several transcripts among them are long non-coding RNAs (lncRNAs) (4). LncRNAs have possible role in brain development. A multi-disciplinary study of four highly conserved and brain-expressed lncRNA has shown that lncRNAs are functional transcripts with important roles in the development of vertebrate brain. This speculation is based on the observed preservation of lncRNAs across various amniotes, obvious conservation of their exons structures, and resemblances in lncRNA signature throughout the embryonic and early postnatal phases (5).

A number of lncRNAs affect pathoetiology of PD. For instance, NEAT1 has been shown to promote the MPTP-associated autophagy in PD via increasing the stability of PINK1 protein (6). Moreover, HOTAIR has been found to target miR‐126‐5p to facilitate progression of PD via RAB3IP (7). A recent study has reported lower plasma levels of MEG3 in PD patients compared with control group. Notably, authors have reported negative correlations between MEG3 levels and Hoehn & Yahr (H&Y) stage and Non-Motor Symptoms Scale (NMSS) score in PD group. However, expression of this lncRNA has been positively correlated with Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) scores. Thus, authors have suggested close relation between MEG3 expression and worsening of non-motor symptoms, cognitive impairments, and PD stage (8).

In the present work, we measured expression levels of HULC, PVT1, MEG3, SPRY4-IT1, LINC-ROR and DSCAM-AS1 lncRNAs in the circulation of patients with PD versus healthy controls. These lncRNAs have been suggested to affect immune responses and participate in the pathoetiology of immune-related disorders of nervous system (9). Moreover, expressions of LINC-ROR, MEG3 and SPRY4-IT1 have been shown to be higher in patients with schizophrenia compared with healthy subjects (10). These lncRNAs might also affect pathoetiology of PD, since they can influence fundamental processes in this disorder such as autophagy. For instance, HULC has been found to target ATG7 (11), an autophagy related gene with crucial functions in the development of PD (12). Moreover, PVT1 can induce cytoprotective autophagy (13). MEG3 triggers autophagy through modulation of activity of ATG3 (14). The role of LINC-ROR in regulation of autophagy has been investigated in the context of cancer (15). These lncRNAs might also affect neurotoxic events. For instance, SPRY4-IT1 has been shown to modulate ketamine-associated neurotoxicity in human embryonic stem cell-originated neurons (16). Besides, DSCAM-AS1 has interaction with hnRNPL (17), an RNA-binding protein with possible role in the etiology of PD (18). However, their role of the development of PD has been less studied.



Materials and Methods


Patient and Controls

The present project was performed using the blood specimens collected from 50 cases of PD (Female/male ratio: 13/37) and 58 healthy individuals (Female/male ratio: 20/38). Patients were enlisted during January 2020-April 2021 from Farshchian, Hamadan, Iran. PD cases were diagnosed based on criteria proposed by the International Parkinson and Movement Disorder Society (19). Exclusion criteria were current or chronic infections, neoplastic conditions or any systemic disorder. H&Y staging system was used for evaluation of the functional disability associated with PD (20). Moreover, the MMSE was used as a screening tool for PD dementia, with values below 26 showing possible dementia (21). Moreover, Unified Parkinson’s Disease Rating Scale (UPDRS) was used as a rating tool to estimate the severity and progression of PD (22). Persons enlisted in the control group had no personal or family history of any neuropsychiatric disorder. The study protocol was confirmed by ethical committee of Shahid Beheshti University of Medical Sciences. All PD patients and controls signed the informed consent forms.



Expression Assays

A total of 5 mL of peripheral blood was collected from PD patients and healthy persons in EDTA-blood collection tubes. Total RNA was extracted from these specimens using GeneAll extraction kit (Seoul, South Korea). The quality and quantity of RNA were assessed using gel electrophoresis and Nanodrop equipment. Afterwards, cDNA was made from roughly 75 ng of RNA using BioFact™ kit (Seoul, South Korea). The Ampliqon real time PCR master mix (Denmark) was used for making PCR reactions. Primers were designed so that the amplicon contains exon-intron boundary. Tests were accomplished in StepOnePlus™ RealTime PCR System (Applied Biosystems, Foster city, CA, USA). Table 1 shows primers sequences. PCR program comprised a preliminary activation stage for 5 minutes at 94°C, and 40 cycles at 94°C for 15 seconds and 60°C for 45 seconds.


Table 1 | Primer sequences.





Statistical Methods

The Statistical Package for the Social Sciences (SPSS) v.18.0 (SPSS Inc., Chicago, IL) was used for statistical assessments. Graphics were created using GraphPad Prism version 9.0 for Windows, GraphPad Software, La Jolla California USA. Expressions of lncRNAs in each sample were calculated using the Efficiency adjusted Ct of normalizer gene (B2M) - Efficiency adjusted Ct of target gene (comparative –delta Ct method). A two-way ANOVA was used to analyze effects of disease and gender on expression level of lncRNA in peripheral blood of patients and controls. Tukey post hoc test was used for multiple comparisons between subgroups. The “– delta Ct” Data in the figures were plotted as box and whisker plots (including the median [line], mean [cross], interquartile range [box], and minimum and maximum values. The delta delta Ct value was determined by subtracting the delta Ct of the control sample from the individual delta Ct of the test sample. The fold change of the test sample relative to the control sample was determined by 2-delta delta Ct and was shown as lower limit-mean and upper limit in the figures and table. The correlations between transcript levels of lncRNAs were evaluated using regression model and Bonferroni correction for multiple comparisons. The partial correlation between expression levels and age of study participants, disease stage (Hoehn & Yahr stage), disease duration, MMSS and UPDRES was described by R and P values. The receiver operating characteristic (ROC) curves were depicted to appraise the diagnostic power of expression levels of lncRNAs. Youden’s J parameter was measured to find the optimum threshold. P value < 0.05 was considered as significant. The significance of difference in mean values of lncRNAs expression (mean of –delta Ct method) between two subgroups of patients using L-DOPA and other drugs was computed using the t-test. Dynamic principal component analysis of lncRNA expression profile was used to cluster samples via Gene Expression software (GenEx SW, Multid Analysis AB, Göteborg, Sweden). Normalized values were used for principal component analysis. Heatmaps were generated by using GenEx software.




Results


General Data of Cases

Table 2 shows the clinical data and demographic information of PD cases.


Table 2 | General data of cases.





Expression Assays

Expression of HULC was lower in total patients compared with total controls (Expression ratio (ER)=0.19, adjusted P value<0.0001) as well as in female patients compared with female controls (ER=0.071, adjusted P value=0.0004). Expression of PVT1 was lower in total patients compared with total controls (ER=0.55, adjusted P value=0.0124). Expression of DSCAM-AS1 was higher in total patients compared with total controls (ER=5.67, P value=0.0029) and in male patients compared with male controls (ER=9.526, adjusted P value=0.0024). Expression of SPRY4-IT was higher in total patients compared with total controls (ER=2.64, adjusted P value<0.02) and in male patients compared with male controls (ER=3.43, P value<0.03). Expression of LINC-ROR was higher in total patients compared with total controls (ER=10.36, adjusted P value<0.0001) and in both male and female patients compared with sex-matched controls (ER=4.57, adjusted P value=0.03 and ER=23.47, adjusted P value=0.0019, respectively). Finally, expression of MEG3 was higher in total patients compared with total controls (ER=13.94, adjusted P value<0.0001) and in both male and female patients compared with sex-matched controls (ER=8.60, adjusted P value<0.004 and ER=22.58, adjusted P value<0.0085, respectively) (Table 3).


Table 3 | The results of expression study of lncRNAs in peripheral blood of patients with PD compared with healthy controls.



Figures 1 and 2 show relative expression of expression levels of lncRNAs and their fold changes in PD patients versus controls.




Figure 1 | Relative expression levels of lncRNAs in PD patients versus controls (*P value < 0.05, **P value < 0.001, ***P < 0.001 and ****P value < 0.0001).






Figure 2 | Fold changes of lncRNAs in PD patients versus controls (*P value < 0.05, **P value < 0.001 and ****P value < 0.0001).



ROC curve analysis revealed that MEG3 and LINC-ROR have diagnostic power of 0.77 and 0.73, respectively (Figure 3). Other lncRNAs had AUC values less than 0.7.




Figure 3 | ROC curves showing the power of lncRNAs in separation of PD patients from controls.



Table 4 shows sensitivity, specificity and AUC values of each lncRNA in separation of PD cases from controls. This type of analysis was repeated for distinct sex-based groups. HULC and PVT1 could differentiate only between female subgroups. On the other hand, DSCAM-AS1 and SPRY4-IT could differentiate only between male subgroups.


Table 4 | Sensitivity, specificity and AUC values of each lncRNA in separation of PD cases from controls.



Expression of none of lncRNAs was correlated with age of patients, disease duration, disease stage, MMSE or UPDRS (Table 5).


Table 5 | The results of partial correlation between expression of lncRNAs and age, Disease duration, Disease stage, MMSE and UPDRS [Controlled for sex, Diseases duration was classified into 3 ranges (1-5, 6-10 and more than 10 years)].



Expressions of lncRNAs were significantly correlated with each other in both PD patients and controls (Table 6).


Table 6 | Correlations between expressions of lncRNAs in study groups.



Finally, we compared expression levels of lncRNAs in patients receiving L-DOPA versus those being under treatment with other drugs (Figure 4). This analysis revealed no significant difference in expression of lncRNAs between these two groups.




Figure 4 | Comparison of expression levels of lncRNAs between patients receiving L-DOPA and those under treatment with other drugs. ns, not significant.



Principal component analysis (PCA) was performed on 6 lncRNA expression profiles in patients with PD compared with healthy control. PCA of the 6 lncRNAs expression data could not clearly clusters samples collected from healthy controls (blue squares) and patients with Parkinson (green squares) into their respective groups (Figure 5).




Figure 5 | Principal component analysis (PCA) of 6 lncRNA expression profiles in patients with Parkinson diseases compared with healthy control. PCA of the 6 lncRNAs expression data could not clearly clusters samples collected from healthy controls (blue squares) and patients with Parkinson (green squares) into their respective groups. Normalized values were used for principal component analysis.



Then, dynamic principal component analysis (DPCA) was performed on the lncRNA results from the analyzed samples to determine how the 6 differentially expressed lncRNAs were distributed among the samples from PD patients and healthy controls. DPCA excluded lncRNA PVT1 with low standard deviation. Thus, 5 lncRNAs expression data were used to clusters samples collected from healthy controls (blue squares) and patients with PD (green squares) into their respective groups. As shown in Figure 6, the DPCA almost clearly separated the samples collected from healthy controls (blue squares) and patients with PD (green squares) into their respective groups.




Figure 6 | Dynamic principal component analysis (DPCA) of 6 lncRNA expression profiles. DPCA was used to filter out and exclude lncRNA with low standard deviation. LncRNA PVT1 was excluded and 5 lncRNA expression data were used to clusters samples collected from healthy controls (blue squares) and patients with Parkinson (green squares) into their respective groups. Normalized values were used for principal component analysis.



Finally, we depicted Log2 Fold Change Heat Map for lncRNA levels (Figure 7). Most of patient samples (A1-A50) were located on the left side with increased expression of lncRNAs studied in this work.




Figure 7 | Log2 Fold Change Heat Map. A heat map for the subjects with Parkinson diseases and healthy control. Log2 fold change was calculated based on delta Ct value compared to the control samples. Red color implies increased expression while green implies decreased expression. LncRNAs on the right are clustered using a hierarchical clustering method (Ward’s method, Euclidean distances) and 5 clusters were found. Cluster 1 = HULC and PVT1; Cluster 2 = SPRY4-IT; Cluster 3 = LINC-ROR; Cluster 4 = DSCAM-AS1; Cluster 5 = MEG3. Most of patient samples (A1-A50) were located on the left side with increased expression of lncRNAs studied in this work.






Discussion

In the present work, we measured expression levels of 6 lncRNAs in the circulation of patients with PD versus healthy controls. Expression of HULC was lower in total patients compared with total controls as well as in female patients compared with female controls. This lncRNA has a role in regulation of immune response, since up-regulation of HULC has been shown to has a necessary role in pro-inflammatory responses in the course of LPS-associated sepsis (23). In addition, HULC has a role in regulation of apoptosis. Experiments in the contexts of various neoplasms have indicated an anti-apoptotic role for HULC (24, 25). This function of HULC has not been assessed in neurons. If this lncRNA exerts similar role in neurons, down-regulation of HULC in the circulation of patients with PD might be associated with higher apoptosis of neurons. It has been widely accepted that apoptosis of nigral dopaminergic neurons has essential roles in the development of PD (26). Various mechanisms including both intrinsic and extrinsic routes participate in the degeneration of dopaminergic neurons in this disorder (26). However, the exact position of HULC within this complicated network of apoptosis-related mechanisms needs to be clarified.

Expression of PVT1 was lower in total patients compared with total controls. PVT1 silencing has been shown to induce apoptosis and inhibit cell cycle transition via modulating EFGR pathway (27). Experiment in animal model of PD has shown the impact of EGFR signaling in cell death of dopaminergic neurons in the course of neuro-apoptosis (28).

Expressions of DSCAM-AS1 and SPRY4-IT were higher in total patients compared with total controls and in male patients compared with male controls. DSCAM-AS1 has been previously reported as an Estrogen receptor α-dependent lncRNA with critical roles in the regulation of cell growth and migration (29). Since estrogen and some selective estrogen receptor modulators have been suggested as possible therapeutic options for PD (30), identification of the molecular mechanism of participation of DSCAM-AS1 in the pathetiology of PD has clinical significance. The observed sex-biased dysregulation of this lncRNA among PD patients further support the interaction between estrogen receptor and this lncRNA. SPRY4-IT1 has been shown to modulate ketamine-associated neurotoxicity in human embryonic stem cell-originated neurons via EZH2 (16). Up-regulation of this lncRNA in the circulatory blood of PD patients might be a compensatory mechanism to decrease PD-associated neuron loss.

Expressions of LINC-ROR and MEG3 were higher in total patients compared with total controls and in both male and female patients compared with sex-matched controls. LINC-ROR has been shown to regulate apoptosis through influencing p53 ubiquitination via regulation of miR-204-5p/MDM2 axis (31). MEG3 has been shown to affect neuron apoptosis through miR-181b-12/15-LOX signaling (32). Thus, modulation of apoptotic pathways is possible mechanism of participation of these lncRNAs in PD.

ROC curve analysis revealed that MEG3 and LINC-ROR have diagnostic power of 0.77 and 0.73, respectively. Other lncRNAs had AUC values less than 0.7. Thus, MEG3 and LINC-ROR are possible markers for PD.

Expression of none of lncRNAs was correlated with age of patients, disease duration, disease stage, MMSE or UPDRS. The current study provides further evidence for dysregulation of lncRNAs in the circulation of PD patients. Therefore, expression level of these lncRNAs is independent from PD course.

Moreover, the DPCA almost clearly separated the samples collected from healthy controls and patients with PD into their respective groups. This suggests that the observed lncRNA differences are associated with the pathophysiology of PD, and these lncRNA might constitute an important biomarker signature for PD.

In conclusion, the current study shows dysregulation of lncRNAs in the circulation of PD patients. The study has limitations regarding small sample size and lack of inclusion of drug-naïve patients. Moreover, it is important to characterize each lncRNA in detail, such as the structure and function of each lncRNA, and to quantify the role of lncRNA in PD in multinational multicenter studies.
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Background

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS) mediated by autoimmunity. No objective clinical indicators are available for the diagnosis and prognosis of MS. Extracellular proteins are most glycosylated and likely to enter into the body fluid to serve as potential biomarkers. Our work will contribute to the in-depth study of the functions of extracellular proteins and the discovery of disease biomarkers.



Methods

MS expression profiling data of the human brain was downloaded from the Gene Expression Omnibus (GEO). Extracellular protein-differentially expressed genes (EP-DEGs) were screened by protein annotation databases. GO and KEGG were used to analyze the function and pathway of EP-DEGs. STRING, Cytoscape, MCODE and Cytohubba were used to construct a protein-protein interaction (PPI) network and screen key EP-DEGs. Key EP-DEGs levels were detected in the CSF of MS patients. ROC curve and survival analysis were used to evaluate the diagnostic and prognostic ability of key EP-DEGs.



Results

We screened 133 EP-DEGs from DEGs. EP-DEGs were enriched in the collagen-containing extracellular matrix, signaling receptor activator activity, immune-related pathways, and PI3K-Akt signaling pathway. The PPI network of EP-DEGs had 85 nodes and 185 edges. We identified 4 key extracellular proteins IL17A, IL2, CD44, IGF1, and 16 extracellular proteins that interacted with IL17A. We clinically verified that IL17A levels decreased, but Del-1 and resolvinD1 levels increased. The diagnostic accuracy of Del-1 (AUC: 0.947) was superior to that of IgG (AUC: 0.740) with a sensitivity of 82.4% and a specificity of 100%. High Del-1 levels were significantly associated with better relapse-free and progression-free survival.



Conclusion

IL17A, IL2, CD44, and IGF1 may be key extracellular proteins in the pathogenesis of MS. IL17A, Del-1, and resolvinD1 may co-regulate the development of MS and Del-1 is a potential biomarker of MS. We used bioinformatics methods to explore the biomarkers of MS and validated the results in clinical samples. The study provides a theoretical and experimental basis for revealing the pathogenesis of MS and improving the diagnosis and prognosis of MS.
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Introduction

Multiple sclerosis (MS), an autoimmune, chronic inflammatory demyelinating disease of the central nervous system, is the number one cause of neurological disability among adults, affecting women twice to three times as often as men (1–3). It is one of the main disability diseases in the global population (4). The clinical features of MS are dissemination in space and time (5). Relapsing-remitting multiple sclerosis (RRMS) mostly occurs in the early onset of MS patients, accounting for about 85% of all MS types. It is the initial phase of MS, which is characterized by reversible episodes of neurological deficits (known as relapsing) that often last for days or weeks, and can be completely relieved after the acute phase (known as remitting) (6). The pathogenesis of RRMS remains incompletely understood, but both genes and environment are believed to contribute (7). At present, it has been found that RRMS in mainly caused by cellular immunity, humoral immunity, and cellular crosstalk in which a variety of extracellular signaling molecules play an important role. They trigger central nervous system inflammation, making immune cell (mainly T cells, B cells, and macrophages) derived from peripheral blood move to the central nervous system and destruct the oligodendrocytes or neurons, resulting in demyelination and axonal damage eventually At present, it has been found that RRMS is mainly caused by cellular immunity, humoral immunity, and a variety of extracellular signaling molecules (8). They can trigger central nervous system inflammation, make immune cells (mainly T cells, B cells, and macrophages) move to the central nervous system, destruct oligodendrocytes or neurons with microglia, and cause demyelination and axonal damage eventually (3). Disease-modifying therapies have gradually been confirmed clinically to be effective in reducing the relapse of RRMS patients, implying that immune regulation plays an important role in RRMS (9). Up to now, subjected to the atypical clinical presentations, RRMS is still difficult to diagnose and lacks effective therapeutic targets. Therefore, the search for biological markers with high sensitivity and specificity is particularly important for studying disease pathogenesis, improving diagnosis, improving prognosis, and providing patients with more personalized treatment strategies.

In recent years, many studies have found that some molecules in the extracellular environment of CNS, mainly secreted proteins, have immunomodulatory effects (10). They are an essential component of the crosstalk between RRMS immune cells (11). Extracellular proteins can be detected in clinical tissues and some body fluids, they may be potential biomarkers or therapeutic targets of RRMS (12–15).

Bioinformatics analysis of transcriptional profiling from microarray is a new method to explore the pathogenesis of autoimmune disorders, identify disease biomarkers and discover therapeutic targets (16). Several MS transcriptomic profiling studies found that the gene expression profiles in peripheral blood of MS patients changed significantly, suggesting that differentially expressed mRNAs and proteins they encoded may be involved in the pathogenesis of MS (17, 18). Due to the scarcity of brain tissue samples from MS patients, there is not much analysis of brain tissue expression profiles in MS. However, the environment in which the lesions are located can most directly reflect the pathological process of the disease. Therefore, analyzing the brain tissue expression profile of MS patients is particularly important for studying the mechanism and biomarkers of MS.

The Gene Expression Omnibus (GEO) database contains the most disease microarray expression profile data so far (19). In this study, we downloaded the MS human brain tissue microarray gene expression profile (GSE5839) from the GEO database, and used R software to screen out the differentially expressed genes (DEGs) between MS human brain tissue and normal human brain tissue samples. Then we selected the extracellular protein-differentially expressed genes (EP-DEGs) from DEGs. Subsequently,we used Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases to perform biological function enrichment and pathway enrichment analysis of EP-DEGs. A protein-protein interaction (PPI) network of EP-DEGs had also been established to screen out functional modules and hub genes and extracellular molecules that interacted with hub genes. Finally, cerebrospinal fluid (CSF) samples of RRMS patients and control were collected to validate the expression of key EP-DEGs and their correlation with clinical data at the protein level. This study aims to identify key extracellular proteins that may be involved in the pathogenesis of RRMS, find biomarkers that can improve the diagnosis and prognosis of RRMS clinically, and explore new therapeutic targets.



Materials and Methods


Data Acquisition and Processing

The NCBI GEO database (http://www.ncbi.nlm.nih.gov/geo) is an open-access platform for data. It contains the most microarray chip and high-throughput sequencing gene expression profile data to date (20). We download the pre-processed MS human brain tissue microarray dataset (GSE5839) from GEO, which is established on Affymetrix Human Genome U133A Array (HG-U133A). The dataset contains 3 MS patients and 1 non-neurological control brain tissue sample (21). Patients are included according to 2017 McDonald diagnostic criteria, and the patients have not received immunomodulatory treatment. Exclusion criteria includes other inflammatory diseases or autoimmune disorders. We use the Biobase package to normalize the data. According to the annotation information on the platform, the probes are labeled with gene symbols, and multiple probes corresponding to the same gene are randomly selected to remove duplicates, and then the gene expression matrix is obtained.



Screening of DEGs and EP-DEGs

The limma package in R is currently a powerful method for analyzing DEGs (22). We used it to screen DEGs between patients and control in the GSE5839 dataset. p<0.05 and | log2 fold change (FC) | ≥ 1 were set as the threshold values of DEG identification. After that, we used the Uniprot database to download the extracellular protein gene list GO:0005576 and the Human Protein Atlas (HPA) protein annotation database to download the extracellular protein gene list (23, 24). The two lists were intersected with DEGs. We take the union of the results obtained by the two methods to screen out EP-DEGs, and then analyzed the differential expression of EP-DEGs between the MS group and the control group.



Functional Enrichment and Pathway Analysis of EP-DEGs

We used the enrichGO and enrichKEGG functions of the ClusterProfiler package in Bioconductor (http://bioconductor.org/packages/release/bioc/html/clusterProfer.html) to perform GO and KEGG enrichment analysis on EP-DEGs. Using the human genome as a background reference, choosing P<0.05 and count ≥2 as cut-off values, we identified the biological processes (BPs), cellular components (CCs), and molecular functions (MFs) of EP-DEGs. We divided EP-DEGs into up-regulated and down-regulated groups, then performed KEGG pathway enrichment analysis on them respectively. Using P<0.05 and count ≥2 as cut-off values, we identified the EP-DEGs enriched pathways. Finally, we used the dotplot and barplot in ClusterProfiler package to show the results of enrichment analysis.



Construction of the PPI Network of the EP-DEGs and Gene Expression Analysis

The STRING database (http://string-db.org) was used to assess protein-protein interactions (PPIs) in functional protein association network using core factors as query proteins. A PPI network of EP-DEGs was constructed on STRING11.0 (25). Cytoscape visualization was used, with a confidence score>0.4 and a hiding of the unconnected genes. To screen for interactions supported by published literature, we chose text mining evidence. Molecular Complex Detection (MCODE) was applied on Cytoscape to find functional clusters of genes in the PPI network with a degree cutoff=2, node score cutoff=0.2, k-core=2, and max depth=100 (26). The modules with established scores>5 were screened out. We used the CytoHubba plug-in in Cytoscape to find the Top10 node genes in 10 ways, and took the intersection to screen the hub genes. The MCC method is the most accurate in CytoHubba (27). From the selected hub genes, we selected the highest MCC score down-regulated hub gene IL17A as the key gene, and used CytoHubba to predict the first station gene that interacted with it.



Study Population and Clinical Data Collection

We collected 51 patients with RRMS in the First Affiliated Hospital of Harbin Medical University (Harbin, China) from January 2018 to December 2019, and 20 patients with primary headache as the controls. The entry criteria of the experimental group were strictly in accordance with the McDonald 2017 diagnostic criteria. The entry criteria of the control group were diagnosed according to the International Classification of Headache Disorders (ICHD3) criteria for primary headache (28). Both groups were excluded from patients with other demyelinating diseases, autoimmune diseases, CNS infectious diseases, infections in the past 30 days, or secondary headache. Patients who received immunomodulatory therapies before baseline sampling were excluded. Clinical data of patients were recorded, including name, gender, age, first symptoms, disease course, attack frequency, CSF oligoclonal bands, CSF IgG content, CSF white blood cell count (WBC) and CSF total protein content, to name but a few. Patients were followed up at admission, discharge, 1, 3, 6 months after discharge, and every 6 months for the next years. Study design and the purpose were explained for the participants and informed consent were obtained. The study was approved by the Ethics Committee of First Affiliated Hospital of Harbin Medical University.



Clinical Outcomes

Two clinical outcomes were used in this study. 1) Clinical relapse. 2) Disability progression. After 6 months from baseline, an EDSS score increase of ≥1 (if baseline EDSS>0) or 1.5 points (if baseline EDSS=0) was defined as disability progress. A new clinical relapse was defined as patient-reported symptoms or objectively observed signs typical for an acute inflammatory demyelinating event in the central nervous system with a duration of at least 24 h, and within one month, in the absence of fever or infection.



CSF Collection Analysis

Cerebrospinal fluid samples obtained by lumbar puncture were collected and stored at -80°C. Samples were immediately transferred into the tubes for ELISA detection. Del-1 (Wuhan Boster), IL17A (Shanghai Enzyme Immunoassay), and resolvinD1 (Shanghai Enzyme Immunoassay) ELISA kits were used to detect the content of Del-1, IL17A, and resolvinD1 in CSF respectively, two technical replicates (wells) for each sample. The protocols of ELISA were performed according to the kit’s instructions: dilute the standard, add 100μl of the sample to the wells of the ELISA kit, incubate the kit at 37°C for 90 minutes. add 100μl of biotin-labeled antibody to the working solution, incubate at 37°C for 60 minutes. Wash the plate, add 100μl of enzyme-labeled reagent, incubate at 37°C for 30 minutes. Wash the plate, add 90mul of color reagent to each well, incubate for 20 minutes at 37°C in the dark. Add 100μl of stop solution to each well to stop the reaction. Measure the OD values at 450 nm by a microplate reader. Calculate the actual content of CSF Del-1, IL17A, and resolvinD1 according to the equation. The flow chart for this study is shown in Figure 1.




Figure 1 | Flow chart of the study.





Statistical Methods

Biobase package, limma package, ClusterProfiler package, pROC package of R and Cytoscape V3.8.2 software were used to analyze public gene expression data. SPSS V25.0 and GraphPad V8.0.2 software were used for statistical analysis of clinical data. The measurement data are described as mean±SD (normal distribution) or median (P25, P75). Two-tailed independent sample t-test or wilcoxon rank sum test were used to compare the mean difference between the two groups. Correlations were determined by Pearson or Spearman’s analysis. TheAUC was used to evaluate the diagnostic performance of all models, and the differences were compared by the DeLong test. Relapse-free and progression-free survival curves were built using the Log-rank (Mantel-Cox) method. Difference were considered statistically significant at *p<0.05, **p<0.01, ***p<0.001.




Results


Identification of DEGs

To compare the difference in gene expression between the MS group and the control group, differential gene expression analysis between samples was performed. The median, upper and lower quartiles, maximum and minimum values of the four sample genes in the GSE5839 data set are basically the same (Figure 2A). Correlation analysis showed that the intra-group correlation in the MS group was stronger (Figure 2B). Principal-component analysis showed that the center of the MS group and the control group were far apart,indicating that there were differences in gene expression between the MS group and the control group (Figure 2C). Differential gene expression analysis set |logFC|≥1 and P<0.05 as DEGs, and a total of 540 DEGs were screened (Sup  1). The top three up-regulated genes with the smallest P-value are CTSC, JUND, and NINJ1, and down-regulated genes are ZNF506, CYP7A1, and LOC101926913 (Figure 2D). The DEGs heat map showed that DEGs were consistently up-regulated or down-regulated in the MS group, which was significantly different from the control group (Figure 2E).




Figure 2 | Analysis of gene expression correlation and differential gene expression between MS group and control group in the dataset. (A) Boxplot of gene probe expression levels among samples. There was no significant difference in the median and the upper and lower quartile. (B) Correlation heatmap between samples. Compared with the control group, the intra-group correlation in the MS group was stronger. (C) PCA principal-component analysis. The center points of the MS group and the control group are far apart in space, indicating that the principal components are different. (D) Volcano map of all DEGs in the MS group and the control group analyzed by the limma R package. The top 10 up-regulated and down-regulated genes with the smallest P-value are marked on the map. (E) Heatmap of all DEGs in MS group and control group.





Screening of EP-DEGs

To find out the genes encoding extracellular proteins that are differentially expressed in the MS group and the control group, we refer to the annotated extracellular protein genes in existing public libraries, screen out EP-DEGs from DEGs and analyze them. The genes encoding extracellular proteins annotated in the HPA database were intersected with DEGs, and 69 EP-DEGs were screened out. The genes encoding extracellular proteins annotated in the Uniprot database were intersected with DEGs, and 132 EP-DEGs were screened out. The EP-DEGs obtained by these two methods were unionized, and only one gene was not overlapped. A total of 133 EP-DEGs were screened, 87 up-regulated and 46 down-regulated (Figure 3A and Sup 2). The top 10 up-regulated genes with the smallest P-value in the MS group and control group were CTSC, NINJ1, MAPKAPK2, SPAG11A, CSF3R, CTRB2, MERTK, PLEKHO2, NAGA and KRT13. The top 10 down-regulated genes were HDGFL3, KITLG, ANGPT4, ADCY1, OSM, SLC4A4, PSG5, ENPEP, MMP1 and FGF20 (Figure 3B, Table 1 and Sup 3). The heatmap of EP-DEGs up-regulated and down-regulated in the first 30 with the smallest P-value shows that SLC4A4, IL17A, ADH6, OSM, and ADCY1 are significantly down-regulated in MS and the clustering distance is close (Figure 3C).




Figure 3 | Screening of differentially expressed genes encoding extracellular proteins. (A) The genes encoding extracellular proteins annotated in the HPA database were intersected with DEGs, 69 EP-DEGs were screened out. The genes encoding extracellular proteins annotated in the Uniprot database were intersected with DEGs, 132 EP-DEGs were screened out. The genes screened by the two methods were combined to obtain a total of 133 EP-DEGs. (B) Volcano map of EP-DEGs in MS group and control group. Mark the top 10 up-regulated and down-regulated genes with the smallest P-value. (C) Heatmap of the top 30 up-regulated and down-regulated EP-DEGs.




Table 1 | Top twenty EP-DEGs in RRMS human brain tissues (GSE5839).





GO and KEGG Pathway Enrichment Analysis of EP-DEGs

To study the function of EP-DEGs, we performed GO and KEGG enrichment analysis on EP-DEGs. The enrichGO function in the ClusterProfiler package is used to enrich EP-DEGs from BP, CC and MF respectively. EP-DEGs were mainly enriched in positive regulation of cell adhesion, regulation of cell-cell adhesion of BPs, collagen-containing extracellular matrix of CCs, and signaling receptor activator activity and receptor-ligand activity of MFs (Figure 4). The cnetplot function in the ClusterProfiler package is used to display the genes enriched in the top 5 processes with the smallest P-value of BPs, CCs, and MFs. Among them, MDK, LGALS1, CD74, PYCARD, BMP7, IL2, IGF1, IL13, KITLG, ANGPT4, OSM, IL3, EDIL3, TNFSF8 are enriched in at least two aspects of BPs, CCs and MFs (Figure 5). With reference to the human genome, the enrichKEGG function in the ClusterProfiler package is used to enrich the up-regulated and down-regulated genes in the KEGG pathway respectively, and the up-regulated genes are enriched in Staphylococcus aureus infection, complement and coagulation cascades, cytokine-cytokine receptor interaction, and autoimmune thyroid disease. Down-regulated genes are enriched in the PI3K-Akt signaling pathway, pathways in cancer, rap1 signaling pathway, and ras signaling pathway (Figures 6A, B).




Figure 4 | GO enrichment of EP-DEGs. The dotplots show the Top5 processes enriched by EP-DEGs in BPs, CCs and MFs.






Figure 5 | Circle graph in GO enrichment of EP-DEGs. (A–C) The circle graph shows the EP-DEGs enriched in the Top5 GO categories of BPs, CCs, and MFs, respectively. The yellow points represent the GO categories, the color of the line delivered by a point indicates the category of the point in the legend, the size of a point indicates the number of the genes it includes.






Figure 6 | KEGG enrichment analysis of EP-DEGs. (A, B) respectively show the pathways to which up-regulated genes and down-regulated genes are enriched.





Establishment of PPI Network and Identification of Hub Genes

In order to study the interaction between the proteins corresponding to EP-DEGs, the STRING database was used to construct a PPI network of 133 EP-DEGs. Cytoscape software was used to visualize the total PPI network (Figure 7A). The PPI network consists of 85 nodes and 185 edges. The darker the color and the wider the edge, the stronger the evidence for the interaction between proteins (see Supplementary Figure 2 for the legend). The MCODE plug-in in Cytoscape is used to construct functional modules. The results show that there is only one module with an established score>5, consisting of 9 genes and 34 edges (Figure 7B). The 10 topological methods of the CytoHubba plug-in in Cytoscape were used to screen top10 hub genes. There are 4 genes in all 10 methods, namely IL17A, IL2, CD44, IGF1 (Table 2 and Figure 7C). IL17A is the gene that exists in the functional module, and the down-regulated gene with the highest score in the MCC method (the most accurate method)  (27). CytoHubba was used to construct the first node gene to interact with IL17A. A total of 16 genes were screened out (Figure 7D), 10 were up-regulated and 6 were down-regulated.




Figure 7 | Construction of PPI network of EP-DEGs and screening of hub genes. (A) The STRING database is used to construct the PPI network of EP-DEGs, with 85 nodes and 185 edges (the legend is in the Supplementary Material). (B) The node gene cluster with the highest score constructed by the MCODE plug-in in Cytoscape consists of 9 genes. (C) The Cytohubba is used to construct the Top10 hub genes. The figure shows the Top10 hub genes constructed by the MCC method. (D) The Cytohubba was used to predict the first stop node genes that interact with IL17A. A total of 16 genes were predicted, 10 up-regulated and 6 down-regulated.




Table 2 | Top10 EP-DEGs by 10 topological analysis methods of CytoHubba.





Levels of IL17A, Del-1 and ResolvinD1 and Their Correlation With Clinical Data

In order to verify the key extracellular proteins identified, 51 RRMS patients and 20 patients with primary headache who excluded CNS infectious diseases and recent infections were included (see Tables 3,  4 and Supplementary Material 10 for patient baseline data), and the patients’ CSF was collected to detect IL17A, Del-1 (encoded by the EDIL3 gene) levels. It has been reported in the literature that there is a regulatory relationship between IL17A, Del-1 and resolvinD1, so the level of resolvinD1 in the CSF of RRMS patients was also detected  (29). Del-1 and resolvinD1 levels were elevated in RRMS patients, and IL17A levels were reduced in RRMS patients (Figures 8A–C). Correlation analysis of the three extracellular molecules and clinical indicators revealed that the level of resolvinD1 was positively correlated with Del-1 in the CSF of RRMS patients, and the level of resolvinD1 was negatively correlated with protein and IgA (Figures 8D–F).


Table 3 | Clinicopathological characteristics of RRMS patients and control samples (N = 71).




Table 4 | Baseline characteristics of RRMS patients (N = 51).






Figure 8 | Levels of IL17A, Del-1, and resolvinD1 in CSF of RRMS patients and their correlation with clinical data. (A–C) Del-1 and resolvinD1 levels were elevated in RRMS patients, and IL17A level were reduced in RRMS patients. (D–F) ResolvinD1 was positively correlated with Del-1, resolvinD1 was negatively correlated with protein and IgA. ***p < 0.001.





Del-1 Diagnostic Efficacy and Survival Analysis

In order to study the predictive effect of Del-1 on the diagnosis and prognosis of RRMS, ROC curve and survival analysis were performed. Del-1 had high accuracy in the diagnosis of RRMS (AUC = 0.947, 95%CI = 0.898-0.996), and IgG had certain accuracy in the diagnosis of RRMS (AUC = 0.740, 95%CI = 0.623-0.857) (Figure 9A), In the diagnostic model of RRMS, the diagnostic efficacy of Del-1 was better than that of IgG, and the result was statistically significant (DeLong’s test, P = 0.002). The cut-off value of Del-1 was 1623.882pg/ml, the Sensitivity% corresponding to this cut-off value was 82.4%, and the Specificity% was 100%. Del-1 was divided into high and low groups according to the median, and survival analysis was performed in RRMS patients (Figures 9B, C). The results showed that the median relapse-free survival time in the high Del-1 group was 30 months, and the median relapse-free survival time in the low Del-1 group was 13.5 months, the difference was statistically significant [HR=1.89(0.89-3.59)], P=0.044). The probability of progression-free survival in the high Del-1 group was always higher than 50% during the follow-up period, and the median progression-free survival time in the high Del-1 group was 46 months, the difference was statistically significant [HR=3.46(1.21-9.86)], P=0.034).




Figure 9 | ROC, relapse-free survival, progression-free survival curves of Del-1 in RRMS. (A) The area under the ROC curve of Del-1 (AUC=0.947), which is higher than that of IgG (AUC=0.740). (B) The median relapse-free survival time was 30 months in the high Del-1 group, the median relapse-free survival time was 13.5 months in the low Del-1 group, the difference was statistically significant (P=0.044). (C) The probability of progression-free survival in the high Del-1 group was always higher than 50% during the follow-up period, and the median progression-free survival time in the low Del-1 group was 46 months, the difference was statistically significant (P=0.034).






Discussion


Biological Processes in Which EP-DEGs May Participate in MS

We analyzed the GSE5839 dataset and obtained a total of 541 DEGs. Among the top 3 up-regulated and top 3 down-regulated genes, only 2 genes were marked as extracellular proteins in the Genecards database. Because some nuclear proteins and cytoplasmic proteins cannot be detected in the body fluids of clinical patients, this analysis method did not focus on finding intracellular biomarkers of the disease. We compared DEGs with extracellular protein gene lists in the protein annotation database Uniprot and HPA, and a total of 133 EP-DEGs were screened. We compared the EP-DEGs obtained from the two databases. It was interesting that 68 of the 69 EP-DEGs selected from the HPA database overlapped with Uniprot, and only 1 gene did not overlap, which reflected these two database had good consistency in the annotation of extracellular proteins. GO enrichment showed that EP-DEGs were enriched in collagen-containing extracellular matrix, signaling receptor activator activity, receptor-ligand activity and positive regulation of cell adhension processes. This indicated that extracellular proteins might be mainly secreted into the extracellular matrix by specific cells in the pathological process of MS. They bound to receptors on specific cells as ligands, transmitted signals for cell-to-cell communication, and mediate processes such as cell migration and adhesion. The GO enrichment circle map shows that MDK, LGALS1, CD74, PYCARD, BMP7, IL2, IGF1, IL13, KITLG, ANGPT4, OSM, IL3, EDIL3, and TNFSF8 were enriched in multiple biological processes. These genes might play a more important role in MS. KEGG enrichment analysis showed that up-regulated EP-DEGs were mainly enriched in certain inflammatory pathways, complement pathways and cytokine-cytokine receptor pathways. The result indicated that extracellular proteins in MS might be mainly some cytokines, which mainly activated immunity-related pathways. Down-regulation of EP-DEGs mainly enriched in PI3K-Akt signaling pathway. Studies had found that the PI3K-Akt signaling pathway played an immune-regulatory role in the development of regulatory T cells (30) and the inflammation process of periodontitis (29). An FTY720 analog in the EAE model could inhibit the progression of inflammation by inhibiting the PI3K-Akt signaling pathway (31). These results collectively suggested that the PI3K-Akt signaling pathway might play a regulatory role in the progression of MS inflammation.



IL17A and EDIL3 May Be the Key Extracellular Proteins in the Pathogenesis of MS

After analyzing the PPI network of EP-DEGs, we found that IL17A, IL2, CD44, and IGF1 were simultaneously present in the Top10 hub genes screened by 10 CytoHubba topology methods and the functional gene modules constructed by MCODE. The involvement of IL17A in the pathological process of MS has been confirmed (32), but the changes of IL17A content in the serum and CSF of MS patients are controversial. Increases in IL17A in the acute phase of MS have commonly been reported (33), but other studies have found no changes or even reductions (13). The results of this study showed that the expression of IL17A was down-regulated, and the verification at the protein level also showed that IL17A was down-regulated. The patients included in this study were not in the active acute phase, so we speculate that IL17A levels may increase in the early stage of MS inflammation, and IL17A levels gradually decrease as the inflammation subsides, but this speculation needs to be further verified.



Del-1 Could Be Related to the Relapse and Progression of RRMS

The extracellular environment of the brain and spinal cord is CSF. There are a large number of extracellular proteins in CSF that act as messengers to transmit signals (34). Therefore, we detected the levels of IL17A, Del-1 and resolvinD1 in the CSF of MS patients to verify the key extracellular proteins predicted by bioinformatics analysis. The levels of IL17A decreased, the levels of Del-1 and resolvinD1 increased, the trend was consistent with the prediction. Del-1 and resolvinD1 levels were positively correlated, Del-1 and IL17A levels exhibited the opposite trends. The results were consistent with previous literature reports, suggesting that Del-1, IL17A and resolvinD1 might interact with each other to regulate the occurrence and development of MS. Moreover, Del-1 had high accuracy in the diagnosis and prognostic stratification of MS, suggesting that Del-1 might be helpful to the diagnosis of MS. Compared to the high Del-1 group, the median relapse-free survival time and median progression-free survival time in the low Del-1 group was lower, indicating that the baseline Del-1 levels may be related to the relapse and progression of the disease. Whether the patients received immunomodulatory therapies, age, sex, sleep and stress might be the potential confounders in survival analysis. Additionally, no differences in age or sex existed between the groups, moreover, we excluded the patients who had ever received immunomodulatory therapies, which might be the potential confounders in survival analysis, therefore, these aspects may not affect the results. Other aspects are needed to be investigated in detail in the following studies.



Limitations

This study has some limitations. At present, most of the MS gene expression data in the publically available datasets comes from human peripheral blood, and the human brain tissue gene expression data is relatively few, so the small sample sizes may cause bias in the results. In the future, more MS human brain tissue expression profiles will be needed for further analysis. In the process of screening extracellular proteins, two protein annotation databases were used, but the evidence for protein localization of these annotation databases is mainly derived from published literature. The evidence is not complete, and some extracellular proteins may be missed. We validated the key EP-DEGs at the protein level, not at the transcription level. Because the trends of gene changes at the transcription level may not be fully consistent with the trends at the protein level, the potential mechanism needs to be further explored.




Conclusion

In this study, 1) we analyzed the gene expression profiles of MS human brain tissue and screened out 133 EP-DEGs. 2) We predicted the biological processes and pathways they participate in. 3) We also predicted 4 key extracellular proteins and 16 extracellular proteins that may interact with IL17A. 4) We validated the levels of IL17A, Del-1, and resolvinD1 in clinical samples, performed survival analysis on Del-1, and found that Del-1 may be related to the relapse and progression of RRMS. The purpose of this study is to provide bioinformatics and clinical evidence for the discovery of potential biomarkers of MS.
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Multiple sclerosis (MS), a chronic inflammatory demyelinating disease of the central nervous system, is one of the most common neurodegenerative diseases worldwide. MS results in serious neurological dysfunctions and disability. Disturbances in coding and non-coding genes are key components leading to neurodegeneration along with environmental factors. Long non-coding RNAs (lncRNAs) are long molecules in cells that take part in the regulation of gene expression. Several studies have confirmed the role of lncRNAs in neurodegenerative diseases such as MS. In the current study, we performed a systematic analysis of the role of lncRNAs in this disorder. In total, 53 studies were recognized as eligible for this systematic review. Of the listed lncRNAs, 52 lncRNAs were upregulated, 37 lncRNAs were downregulated, and 11 lncRNAs had no significant expression difference in MS patients compared with controls. We also summarized some of the mechanisms of lncRNA functions in MS. The emerging role of lncRNAs in neurodegenerative diseases suggests that their dysregulation could trigger neuronal death via still unexplored RNA-based regulatory mechanisms. Evaluation of their diagnostic significance and therapeutic potential could help in the design of novel treatments for MS.
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Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system (CNS) and one of the most common neurodegenerative diseases worldwide (1). Pathogenic mechanisms underlying MS development have not been determined up to now. Clinically, different MS subtypes have been identified, including relapsing–remitting (RR), secondary progressive (SP), and primary progressive (PP) subtypes. These subtypes are heterogeneous among affected individuals in terms of clinical course as well as genetic background (2). Complex interactions between genetic susceptibility and environmental factors lead to this neurodegenerative disease. Both innate and adaptive immune-mediated inflammatory mechanisms contribute to the demyelination and neurodegeneration in the context of MS. Previous studies have demonstrated that the inflammatory immune cells such as CD4 T-helper cells (Th1 and Th17) are the main contributors in disease pathogenesis (3, 4). The presence of these cells in the CNS is associated with neuronal demyelination, which can subsequently result in neuroinflammation and neurodegeneration (5, 6). Th17 cells that produce IL-17 are regarded as important inflammatory effectors in this disorder (7). However, the impact of Th17 cells in the pathogenesis of MS is not entirely dependent on the production of this cytokine, and it is supposed that an array of inflammatory factors is responsible in this regard (8). For example, expression of high amounts of the C-C chemokine receptor 6 (CCR6) on the cell surface of Th17 cells (9) facilitates the entry of these cells into the CNS via the choroid plexus (10). Th17 cells also participate in the pathoetiology of MS through production of other proinflammatory cytokines including TNF-α (11).

In recent years, genome-wide association studies (GWAS) and genetic mapping have nominated several candidate loci and variants in autoimmune conditions. However, MS pathogenesis cannot be explained by the genetic susceptibility factors alone. A large amount of evidence has revealed that long non-coding RNAs (lncRNAs) have critical roles in the regulation of cellular immunological pathways and autoimmunity. This new class of non-coding RNA (ncRNAs) contains a large part of the transcriptional output in the human genome but low protein-coding potential (12).

In the current review, we focus on recent reports performed on the roles of lncRNAs in MS pathogenesis. Then, we illustrate the role of some specific lncRNAs and their target genes. Therefore, our manuscript provides new insights into understanding the molecular etiology, diagnosis, and management of MS.


Long Non-Coding RNA Classification and Function

LncRNAs are a class of ncRNAs with sizes more than 200 nt and no protein-coding potential. They are commonly transcribed by RNA Pol II (13). LncRNAs have been detected in a variety of species such as animals, plants, and prokaryotes. The majority of them have a 5′ cap structure, multiple exons, and 3′ polyadenylated tails and are spliced in a way similar to mRNAs (14). Since lncRNAs do not encode proteins, they used to be called as “dark matter.” However, recent studies have demonstrated that they are regulatory molecules and play important roles in several biological processes (14, 15), including gene expression at the epigenetic, transcriptional, and posttranscriptional levels. The vital mechanisms of epigenetic regulation consist of DNA methylation, histone modification, and ncRNA-mediated regulation. Emerging evidence revealed that the normal execution of biological events is controlled by a combination of ncRNAs and transcription factor (TF)-mediated epigenetic modifications (16). Studies on the role of lncRNAs suggest that their dysregulation could trigger neuronal death via still unexplored RNA-based regulatory mechanisms (17). Gene signature in human CNS is precisely regulated by several mechanisms. LncRNAs have a substantial impact on normal neural development, so their abnormal expression affects development and progression of neurodegenerative diseases (18).

According to databases such as the NONCODE (version v5.0) (19), the number of lncRNAs in human has been estimated to be higher than the number of protein-coding genes. The classification of lncRNAs is based on subcellular localization, function, interaction with the protein-coding gene, their size, and their association with protein-encoding genes. Based on their association with protein-encoding genes, they can be categorized to different classes such as sense, intergenic, bidirectional, intronic, antisense, and divergent lncRNAs (20, 21). Long intergenic non-coding RNA (lincRNA) genes are an important group of ncRNAs that participate in many biological processes, such as regulation of gene expression. They also play an essential role in many autoimmune and inflammatory diseases (22). In the current study, we performed a systematic analysis of the role of lncRNAs in MS.




Methods

Review question: Which lncRNAs have been dysregulated in multiple sclerosis?


Inclusion/Exclusion Criteria

The inclusion criteria were as follows: 1) original studies, 2) studies focusing on the expression of lncRNAs in MS patients, 3) studies that confirmed results by RT-PCR, 4) studies with a sample of blood or tissue of human or animal model, and 5) studies that evaluated polymorphisms on lncRNAs. The following documents were excluded from this study: letters, reviews, in vitro studies, or papers with insufficient data.



Search Strategy

The current scoping review was performed according to the PRISMA statement (23). PubMed, Web of Science, ProQuest, and Scopus databases were searched to identify all published studies up to August 10, 2021.



Study Selection

Following the abovementioned search method, all obtained papers were loaded into EndNote version 20. Then, duplicate studies were removed. The title and abstracts of the remaining studies were evaluated, and their full texts were screened using the inclusion criteria. Then, lncRNAs with a role in the pathogenesis of MS were included.



Data Extraction

The required data were extracted using a self-constructed data extraction table. Author and year of publication, origin, sample type, studied patients, method for lncRNA analysis, identified lncRNAs and expression pattern, and polymorphisms were extracted from the studies.

Figure 1 shows the flowchart of the study.




Figure 1 | Flowchart of the study (23).






Results

As shown in Figure 1, a total of 931 studies were identified through searching PubMed, Web of Science, ProQuest, and Scopus databases, and 26 studies were identified from other databases. After removing duplicated articles, 716 studies remained. In the next step, based on the evaluation of titles and abstracts, 656 studies were excluded and 60 studies remained. The full text of the articles was evaluated based on our inclusion criteria. After evaluation of the full text, seven studies were removed due to lack of inclusion criteria. At last, 53 studies remained for our systematic review. Among the included studies, 47 studies were conducted on human samples (24–70), 7 studies used animal models (45, 71–76), and only 1 research was conducted on both human samples and animal model (45). Also, 33 studies were conducted in the Iranian population (24–26, 28–34, 36, 38–43, 45–55, 57, 58, 61, 66, 67), 9 studies were in China (68–76), 5 studies were in Egypt (37, 62–65), 4 studies were in Italy (27, 35, 59, 60), 1 study was in Russia (44), and 1 study was in the Netherlands (56). A total of 44 studies evaluated the expression of lncRNAs in MS patients (24, 26–31, 34–43, 45, 46, 48, 50–54, 56–61, 63–65, 67–76), while 9 other studies analyzed polymorphisms of lncRNAs (25, 32, 33, 44, 47, 49, 55, 62, 66). The details of the included studies are summarized in Tables 1, 2.


Table 1 | Details of the included human studies.






Table 2 | Details of the included animal studies.



Recently, several studies revealed the involvement of lncRNAs in the pathogenesis of MS. Figure 2 demonstrates the function of several lncRNAs that are involved in the pathogenesis of MS.




Figure 2 | A schematic diagram of the role of several lncRNAs involved in the modulation of the main molecular cascades in multiple sclerosis (MS). One of the main pathophysiological mechanisms associated with the MS involves T cells subsets [regulatory T cells (Treg), Th1, Th2, and Th17 cells]. Dysregulation of these subsets activates inflammatory cascades and cytokine secretion and ultimately leads to demyelination within the brain and spinal cord and neuronal damage. Lnc-DC has been shown to be upregulated in PBMCs of MS patients. Upregulation of this lncRNA activates Toll-like receptor 4 (TLR4) and TLR9. TLR4 has a central role in the secretion of inflammatory cytokines such as IL-1, IL-6, and IL-17 and suppresses Treg cells. Also, TLR4 increases the differentiation of Th17 through inhibition of miR-30a (24, 65). Moreover, lnc-DDIT4 is upregulated in the PBMCs of MS patients. This lncRNA binds to DDIT4 and regulates immune response and differentiation of Th17 (69). BDNF-AS has a role in the recruitment of PRC2 and inhibition of the neuroprotective factor BDNF (41). GSTT1-AS1 inhibits the progression of MS through inhibition of secretion of IFN-γ and TNF-α (36). TUG1 activates p38 MAPK signaling pathway through suppression of miR-20a-5p, so downregulation of TUG1 decreases Th17 differentiation. UCA1 has a role in the regulation of activity of PI3K–AKT, ERK1/2, and MAPK cascades and Th17 differentiation. Also, this lncRNA has interaction with another lncRNA, namely, CCAT2. CCAT2 induces WNT cascade signaling and enhances the production of inflammatory cytokines (28, 59).




The Role of LncRNAs in the Pathophysiology of MS


LncRNAs Participating in Adaptive Immune Response or Inflammation

Linc-MAF-4 and lnc-DDIT4 are two upregulated lncRNAs in MS patients which are involved in the regulation of immune responses and inflammation (69, 70). DDIT4 is a cytoplasmic protein that is upregulated during DNA damage. Also, it inhibits the mTORC1 pathway which is a crucial regulator of the immune response (77). Since the mTOR pathway causes differentiation of Th17 and subsequent production of IL-17, it can be a key pathogenic player in MS (78, 79). Lnc-DDIT4 directly binds to and increases DDIT4 expression; thus, it suppresses the differentiation of Th17 (69). Therefore, lnc-DDIT4 might directly regulate Th17 cell differentiation and contribute to the pathogenesis of MS. Linc-MAF-4 is a lincRNA located in the minus strand of 16q23.2, almost 150 kb apart from the gene encoding MAF (19). This lincRNA has an important role in regulating differentiation of Th1/2 cells. MAF is the Th2 lineage-specific TF facilitating Th2 differentiation (70). Linc-MAF-4 is a Th1 lineage-specific factor that recruits chromatin remodeling factors LSD1 and EZH2 to inhibit MAF transcription and elevate Th1 differentiation and IFN-γ production (15). So, linc-MAF-4 can contribute in the pathogenesis of MS. Another study has identified six lncRNAs with abnormal expression in MS. ENSG00000231898.3 (MYO3B-AS1), XLOC_009626, and XLOC_010881 were upregulated, while ENSG00000233392.1 (AC104809.2), ENSG00000259906.1 (AC120045.1), and XLOC_010931 showed downregulation (68).


LincR-Gng2-5′, LincR-Epas1-3′as, and LincR-Ccr2-5′AS

LincR-Gng2-5′ and lincR-Epas1-3 loci were firstly identified by Hu et al. in Th1 and Th2 cells regulated by signal transducer and activator of transcription 4 (STAT4) and (STAT6), respectively (22). According to the data from lncRNAdb (80), LNCipedia (version 5.2), and Ensemble genome browser 99, LincR-Gng2-5′ is located on chromosome 14q22.1 on the plus strand and has a transcript size of 1,233 bp. LincR-Epas1-3′as is located on chromosome 2p.21 on the positive strand and has 758 bp length. They are located in an important place rich in genes with immune regulatory functions. Since they act as enhancers, they might participate in the regulation of neighboring genes, thus modulating immune responses (63). LincR-Gng2-5′ is upregulated in MS patients, while LincR-Epas1-3′as is downregulated in these patients. Dysregulation of these lncRNAs has a role in the pathoetiology of MS through affecting the balance between Th1 and Th2 cells (22, 81). LincR-Ccr2-5′AS is another lncRNA that is expressed in Th2 and has association with GATA-binding protein 3 (GATA3), the “master regulator” of Th2. Shaker et al. have reported the downregulation of lincR-Ccr2-5′AS in MS patients and the subsequent decrease in the production of Th2 cytokines (64).



GSTT1-AS1 and IFNG-AS1

Glutathione S-transferase, Theta1-Anti Sense1 (GSTT1-AS1), also known as lncRNA-CD244, is a novel 284-bp lncRNA, located on the minus strand 22q11.23 with partial overlap with 5′ UTR of the GSTT1 gene (19, 82). This lncRNA was originally discovered as an lncRNA with a crucial role in the pathogenesis of tuberculosis (83). Ganji et al. show downregulation of GSTT1-AS1 in MS patients. Since this lncRNA suppresses the expression of TNF and INFG through recruitment of the epigenetic complex PRC2 and via the EZH2 enzyme complex, it might be involved in the pathogenesis of MS (36).

IFNG-AS1 has been firstly identified as a transcript with a possible role in the regulation of immune system function (84). Also known as Tmevpg1, it is a 1,791-bp intergenic lncRNA located on the plus strand on 12q15 (19), adjacent to the INFG gene (85). It has been shown to be dysregulated in several immune-related disorders (83, 86). This lincRNA acts as an important checkpoint for the expression of IFNG in Th1 cells (87).



AC007278.2 (Expression in T Cells)

Another lncRNA is a 1,200-bp intronic lncRNA, AC007278.2, also known as Lnc-IL18R1-1. This lncRNA is located on the plus strand of the 2q12.1 chromosome and has two exons (19). AC007278.2 has a specific expression in Th1 cells. It is located within the introns of the protein-coding genes IL18RAP and IL18R1, with important roles in Th1 cell differentiation (43). Several studies revealed significant correlations between IL18RAP and IL18R1 and their association with the lncRNA AC007278.2. On the other hand, elevated expression of IL18RAP and IL18R1 is involved in the differentiation of Th1 cells and the pathogenesis MS. During Th1 differentiation, STAT4 and IL-12 recruit chromatin remodeling complexes. Induction of histone acetylases and DNA methylases promotes the expression of IL18RAP and IL18R1 and the release of IL-18 and IL-12 which trigger the differentiation of Th1 and the release of pro-inflammatory cytokines and eventually the progression of MS (43, 88, 89).



TOB1-AS1

TOB1 antisense RNA 1 (TOB1-AS1) is transcribed from the opposite orientation of the TOB1 gene on chromosome 17q21.33, a region with an important role in maintaining immune tolerance (19). Dehghanzad et al. demonstrated the abnormal expression levels of TOB1-AS1 and its targets genes TOB1, TSG, and SKP2 in the blood of MS. Downregulation of TOB1-AS1 might cause dysregulation of the target genes and participate in the progression of MS (30). TOB1-AS1 enhances the expression of the TOB1 gene via suppressing the production of IL-2 (90). An in vitro study revealed the positive feedback between TOB1 and S-phase kinase-associated protein 2 (SKP2). Elevation of TOB1-AS1 levels causes increased TOB1 and thus increased the TSG levels (30).



RMRP

Rahmani et al. demonstrated that RORC, DDX5, and RMRP have been significantly upregulated in patients with MS (54). RORC and DDX5 can affect MS pathogenesis through regulation of Th17 differentiation and the production of inflammatory cytokines such as IL-17A, IL-17F, and IL-22.




LncRNAs With Roles in Innate Immune Response


Lnc-DC and THRIL

TNF and HNRNPL-related immunoregulatory long non-coding RNA (THRIL) is a lincRNA located on the minus strand of the 12q24.31 chromosome. This lncRNA plays an important role in the regulation of the innate immune system (19). This lncRNA has been among the dysregulated lncRNAs in MS (31). THRIL regulates TNF-α expression via its interaction with heterogeneous nuclear ribonucleoprotein L (hnRNPL) and persuades a transcriptional-activating complex, finally connecting to the TNF-α promoter (91). THRIL can suppress STAT3 (51).

Lnc-DC (also known as Wfdc21) is a non-coding RNA gene on the minus strand of chromosome 17q23.1, which was firstly identified by Wang et al. to have an important role in the differentiation of dendritic cells and the regulation of the immune response (92, 93). Lnc-DC positively regulates STAT3 resulting in the differentiation of monocyte cell to dendritic cells (92). This lncRNA is involved in the pathogenesis of sepsis (93), coronary artery disease (94), pre-eclampsia (95), MS (51), and systemic lupus erythematosus (SLE) (96). Xie et al. showed the role of lnc-Dc on the regulation of TLR4 (93). Lnc-DC through the TLR9/STAT3 axis can regulate apoptosis and immune responses, thus can participate in the pathogenesis of MS (97, 98). Bahrami et al. demonstrated the upregulation of lnc-DC level in HLADRB1*15:01-negative MS patients compared with healthy controls (24).




LncRNAs Having a Role in Response to DNA Damage


LincRNA-p21 (Expression in T Cell)

P21-associated ncRNA DNA damage-activated (PANDA) is a lincRNA located on the minus strand 6p21.2. It has a role in response to DNA damage in a p53-dependent pathway (15). Dastmalchi et al. revealed the upregulation of this lncRNA in the peripheral blood of MS patients (28). PANDA controls the cell cycle through suppression of proapoptotic-related genes (15, 99). Dysregulation of the expression of this lncRNA in oligodendrocytes and neurons is associated with the release of free radicals and activation of the apoptosis process (100).




LncRNAs Involved in the Regulation of the Cell Cycle


TUG1, UCA1, and CCAT2

UCA1, CCAT2, and TUG1 are a subgroup of lncRNAs that have a role in the regulation of the cell cycle. UCA1 is located in the plus strand of chromosome 19p13.12 (19). It participates in the pathogenesis of several cancers such as colorectal, breast, and bladder cancer through increasing cell proliferation, apoptosis-resistant cells, invasion, and drug resistance induction (101). UCA1 via modulation of the PI3K–AKT, ERK1/2, and MAPK pathways can regulate the proliferation of cells in various cancers (102). Dastmalchi et al. revealed the upregulation of UCA1 in the blood of MS patients. This lncRNA via inhibiting cell cycle inhibitors such as p27 may cause increased proliferation of T cells (29).

CCAT2 is an intergenic lncRNA on the plus strand of the 8q24.21 chromosome (19). This lncRNA acts as an oncogene and participates in the metastasis, chromosomal instability, and tumor growth in colon cancer (103). Both UCA1 and CCAT2 can regulate the expression of genes participating in WNT pathway (104).

Fenoglio et al. showed the downregulation of TUG1 in MS patients compared with controls (35). TUG1 exerts a repressor function via recruitment of the PRC2 complex. Its promoter has many conserved binding sites for p53, thus after DNA damage, p53 regulates cell cycle and apoptosis via upregulation of TUG1 (35, 105, 106). TUG1 has been found to be upregulated in the serum and PBMCs of RRMS patients (28, 59, 60). TUG1 targets and suppresses different miRNAs such as miR-20a-5p, which has a role in the regulation of p38 MAPK signaling pathway. p38 MAPK promotes the production of proinflammatory cytokines. Downregulation of miR-20a-5p by TUG1 activates p38 MAPK signaling and MS progression (60).

The growth arrest-specific 5 (GAS5) has been recognized as a lncRNA with a possible role in normal growth arrest in T cells. This lncRNA plays a central role in the suppression of glucocorticoid receptor (GR). Gharesouran et al. revealed the correlation between GAS5 and nuclear receptor subfamily 3 group C member 1 (NR3C1) (38). Sun et al. demonstrated that GAS5 can inhibit the transcription factor IRF4, thus suppressing the generation of T cells (75).




LncRNAs With a Role in the CNS


GOMAFU

MIAT or GOMAFU is a lincRNA on the plus strand of 22q12.2 (19), which is highly expressed in the CNS and is suggested to have an important role in regulating the neural stem cell differentiation into oligodendrocytes (107). Fenoglio et al. showed the downregulation of this lncRNA in the blood of MS patients (35). GOMAFU using its repetitive sequence binds to the splicing factor 1 (SF1) protein and prevents the function of the spliceosome complex. Thus, deregulation of GOMAFU causes advent of alternative splicing patterns (108). GOMAFU has a possible role in inflammatory and neurodegenerative processes (35).



OIP5-AS1

OIP5-AS1 (Cyrano) was firstly detected in zebrafish models and it was suggested that it has a role in the development of the CNS (109). Kim et al. revealed that OIP5‐AS1 causes a reduction in the stability a cyclin G‐associated kinase (GAK) mRNA with important roles for mitotic progression (110). It seems that this lncRNA exerts its role in the suppression of cell proliferation through reducing GAK levels by associating with the RNA-binding proteins (RBPs) like HUR1 (ELAV-like protein 1). HuR1 is a protein that in humans is encoded by the ELAVL1 and is regarded as a member of the ELAVL proteins. HUR1 contains three RNA-binding domains and binds to cis-acting AU-rich elements. Since the HuR1 gene is expressed in astrocytes, it might have a role in autoimmune diseases such as encephalomyelitis and MS (111).



BDNF-AS

Brain-derived neurotrophic factor-antisense RNA (BDNF-AS) is a 191-kb-long conserved lncRNA (112), located in the opposite orientation of BDNF on the 11p14.1. It negatively regulates the expression of BDNF at the mRNA and protein levels (113). BDNF is a neuroprotective factor that is synthesized in the brain and is expressed at a high level in the CNS. It has diverse functions such as the promotion of neuronal survival and elevation of growth, maturation, and synaptic plasticity. BDNF is produced and released by neurons and immune cells such as T and B cells under the circumstance of inflammation of the CNS in MS patients (114). BDNF-AS recruits PRC2 and inhibits BDNF expression (113).




Other LncRNAs


NEAT1

This lncRNA has been shown to be upregulated in MS patients compared with healthy individuals (59). NEAT1 plays an important role in the formation of paraspeckle, a nuclear body that comprises numerous protein factors. NEAT1 has been shown to be co-localized with splicing factor proline/glutamine-rich (SFPQ) and NonPOU domain containing, octamer-binding (NONO) (115). Also, NEAT1 is activated by the Toll-like receptor 3 (TLR3)–p38 pathway in antiviral response or endogenous agonists that bind to TLR3 (116, 117). Imamura et al. revealed that upregulation of NEAT1 causes activation and excess IL-8 production via enhancing the relocation of SFPQ proteins from the IL-8 promoter (118).



RN7SK RNA

The lincRNA 7SK small nuclear (RN7SK RNA) is transcribed from the plus strand of the 6p12.2 chromosome. It is involved in the formation of the 7SK snRNP complex with other specific proteins (HEXIM1/2, LARP7, and PIP7S) that can inhibit approximately half of the activity of the cellular kinase P-TEFb complex (119, 120). The P-TEFb complex and its protein component Cdk9/cyclin T1 heterodimer have a role in the activation of CD4+ T cells. So, upregulated RN7SK RNA may cause disturbance in the P-TEFb complex with resulting regulation effects on CD4+ T cells, thus participating in autoimmune diseases such as idiopathic inflammatory myopathy (IIM) and MS (59).



AFAP1-AS1

Actin Filament-Associated Protein 1 Antisense RNA 1 (AFAP1-AS1) is a conserved non-coding RNA transcribed from the plus strand of chromosome 4p16.1 on the opposite strand of the AFAP1 locus. This lncRNA regulates the expression of AFAP1 at the translation level (121). AFAP1-AS1 was found to modulate AFAP1 and act as an adapter molecule that links other proteins such as SRC and PKC with a hypothetical function in blood–brain barrier (BBB) integrity. BBB dysfunction in MS patients allows the enormous influx of immune cells into the brain and, after a series of interactions, leads to demyelination (122). Based on the bioinformatics analyses, AFAP1-AS1 affected the expression of molecules with a vital role in the actin cytoskeleton signaling pathway such as multiple small GTPase family members. As small GTPases are involved in the regulation of immunity and inflammation response, its dysregulation leads to disease progression in many diseases such as autoimmune diseases (123). Upregulation of AFAP1-AS1 promotes metastasis via modulation actin filament integrity (124). Due to its antiapoptotic properties in peripheral immune cells, it might be involved in the pathogenesis of MS (40).



GAS8-AS1

A previous study showed that GAS8-AS1 is a tumor suppressor and regulates the expression of another lncRNA, namely, AFAP1-AS1 (125). GAS8-AS1 has been downregulated, while AFAP-AS1 has been upregulated in MS patients. Regarding the role of AFAP1-AS1 in the pathogenesis and progression of MS, it can be hypothesized that dysregulation of GAS8-AS1 might be involved in the pathogenesis of MS (40, 125). Zha et al. revealed that GAS8-AS1 negatively regulated the expression of UCA1. UCA1 has been shown to regulate various signaling pathways such as FGFR1/ERK and TGF-β (126). TGF-β has a role in the inflammatory condition and acts as an anti-inflammatory factor to inhibit Th1 and Th17 cells (127), so upregulation of GAS8-AS1 resulting in the downregulation of UCA1 and reduced TGF-β might cause progression and aggregate MS.



PINK1-AS

PTEN-induced kinase 1-AS (PINK1-AS) is an intronic non-coding RNA transcribed from the minus strand of chromosome 1p36.12 on the opposite strand of the PINK1 locus. This lncRNA regulates the expression of PINK1. Patoughi et al. (53) revealed the upregulation of the expression level of the PINK1-AS in male MS patients compared with male healthy controls. This might be due to the existence of a gender-based regulatory direction for PINK1-AS expression or variance in the pathogenic process of disease in female and male MS patients. PINK1 is a serine/threonine kinase that preserves the mitochondria and supports its normal function (128). Further studies by Fenoglio et al. have identified 10 lncRNAs with abnormal expression. These lncRNAs consist of MALAT1, MEG9, NRON, ANRIL, TUG1, XIST, SOX2OT, GOMAFU, HULC, and BACE-1AS (35).

The highly upregulated liver cancer (HULC) is another lncRNA found to be upregulated in MS patients in one study (61), whereas Fenoglio et al. have reported an opposite result (35). This lncRNA attaches to miR-200a-3p and also acts as an endogenous sponge for miR-122. Since miR-122 has an anti-inflammatory effect and is significantly downregulated in the blood of MS patients, HULC may be involved in the progression of MS. On the other hand, HULC activates miR-200a-3p/ZEB1 signaling. miR-200a plays an important role in the regulation of the TLR4 pathway and ZEB1 has a neuroprotective protein (129).




Dysregulated LncRNAs in the Animal Model of MS

One of the useful animal models of MS is EAE mice that share several characteristics with MS. However, there are few studies in this area. Yue et al. (76) demonstrated the abnormal activity of the TUG1/miR-9-5p/NF-κB1/p50 axis in the mouse model of MS. In fact, upregulation of TUG1 causes suppression of miR-9-5p and an increase in the expression of NF-κB1/p50. This transcription factor causes activation of Th17 cell and the production of IL-17 and IL-6. NF-κB also regulates matrix metalloproteinases (MMPs). Downregulation of TUG1 leads to increased levels of miR-9-5p and a decrease in NF-κB1/p50.

Another study by Guo and colleagues showed that lncRNA-1700040D17Rik is a specific mouse lincRNA that is located adjacent to the RORγt gene on chromosome 3 and is downregulated in EAE (73). Then, an in vitro approach revealed that IL23R-CHR is a soluble IL23R that counteracts IL-23 and blocks its signaling pathway, thus inhibiting differentiation of Th17 cell (130). These findings demonstrated that 1700040D17Rik regulates the expression of RORγt, which is an essential transcription factor for Th17 (73).

Liu et al. revealed that IL-9 inducing lncRNA Gm13568 in astrocytes has interaction with CBP/P300. It promotes Notch1 pathway activation and is involved in the construction of inflammatory cytokines in astrocytes in the progression of EAE development (74).



Variants Within LncRNAs and Association With MS

According to the important roles of lncRNAs in the regulation of immune responses, it is expected that functional variants within their coding region or adjacent to them can affect the risk of MS. However, there are few studies on this issue. Bahrami et al. have evaluated the association between rs933151 and rs7953249 polymorphisms in TRPM2-AS and HNF1-AS1, respectively, and MS risk in the Iranian population. They revealed that rs7953249 within HNF1-AS1 has an association with C-reactive protein (CRP) (25).

Taheri et al. assessed the association between three SNPs (rs12826786, rs1899663, and rs4759314) within HOTAIR and MS in 403 Iranian MS patients and 420 controls. Their results showed that the G allele of rs4759314 might be involved in the risk of MS (66).





Conclusion

In conclusion, the pathogenesis of MS is highly complex including several molecular signaling pathways. Most of the abovementioned studies have assessed the expression of lncRNAs in serum or PBMCs. Although several of these lncRNAs have essential roles in the CNS processes, modulation of peripheral immune responses is the most appreciated route of participation of lncRNAs in the pathogenesis of MS. Few studies have assessed the expressions of lncRNAs in the brain tissues of EAE models. An important study in this field has identified dysregulation of Gm14005, Gm12478, mouselincRNA1117, AK080435, and mouselincRNA0681 in brain tissues of affected animals. Notably, inflammation has been among the mostly enriched pathways among dysregulated genes (131). This observation further emphasized the importance of inflammation-related lncRNAs in the pathoetiology of MS.

In the current review, we highlighted the function of various lncRNAs in the MS pathway. Although few studies have addressed this issue, it is predicted that genomic variation within lncRNAs affecting their function or expression may contribute to the risk of MS or response of subjects to treatments. It has been determined that lncRNAs have roles in the development of the immune system and nerve cells. Further studies are required for understanding the mechanism of lncRNA involvement in the pathogenesis of MS.
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Glossary

lncRNA: long non-coding RNA

MS: multiple sclerosis

RT-PCR: real-time polymerase chain reaction

AFAP1-AS1: actin filament-associated protein 1 antisense RNA 1

RRMS: relapsing–remitting multiple sclerosis

SPMS: secondary progressive multiple sclerosis

CNS: central nervous system

HOTAIR: Hox transcript antisense intergenic RNA

miRNAs: microRNAs

CD4+ T cells: T helper cells

CD8+ T cells: cytotoxic T cells

GWAS: genome-wide association studies

BDNF: brain-derived neurotrophic factor

BDNF-AS: BDNF antisense RNA

NR3C1: nuclear receptor subfamily 3 group C member 1

PRC2: polycarbonate 2 suppressor complex

DDIT4: DNA-damage-inducible transcript 4

mTORC1: mammalian target of rapamycin complex 1

lncDDIT4: lncRNA DDIT4

Th17: T helper 17 cell

Tregs: regulatory T cells

IFN-γ: interferon gamma

hnRNPs: heterogeneous nuclear ribonucleoproteins

DC: dendritic cells

lnc-DC: lncRNA expressed in DC

PANDA: P21-associated ncRNA DNA damage-activated

FAS-AS1: FAS antisense transcript 1

linc-MAF-4: A lncRNA

THRIL: TNF-α and heterogeneous nuclear ribonucleoprotein L

PVT1: plasmacytoma variant translocation 1

GAK: cyclin G-associated kinase

HuR1: Huantigen R

SIRT1: silent information regulator 1

OIP5-AS1: OIP5 antisense RNA 1

TUG1: taurine-upregulated gene

IL-8: interleukin 8

SFPQ: splicing factor proline- and glutamine-rich

IL-17: interleukin 17

STAT4: signal transducer and activator of transcription 4

EZH2: enhancer of zeste homolog 2

TNF-α: tumor necrosis factor alpha

TLR4: Toll-like receptor 4

NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells

MAPK: mitogen-activated protein kinase

PI3K: phosphoinositide 3-kinases

ERK1/2: extracellular signal-regulated kinases 1/2

AKT: protein kinase B

WNT: Wnt signaling pathway

SF1: splicing factor 1

GAK: G-associated kinase

NonPOU: non-POU domain-containing octamer-binding protein

P-TEFb: positive transcription elongation factor

BBB: blood–brain barrier

FGFR1: fibroblast growth factor receptor 1

ERK: extracellular signal-regulated kinase

TGF-β: transforming growth factor beta

CRP: C-reactive protein

PINK1-AS: PTEN-induced kinase 1-AS

HIF1-AS3: hypoxia-inducible factor 1-AS3

RMRP: RNA component of the mitochondrial RNA-processing endoribonuclease (RNase MRP)

GATA3: GATA-binding protein 3

GR: glucocorticoid receptor

HULC: highly upregulated liver cancer

ZEB1: zinc finger and homeodomain transcription factor 1
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Multiple sclerosis (MS) is an immune-mediated demyelinating and degenerative disease with unknown etiology. Inappropriate response of T-cells to myelin antigens has an essential role in the pathophysiology of MS. The clinical and pathophysiological complications of MS necessitate identification of potential molecular targets to understand the pathogenic events of MS. Since the functions and regulatory mechanisms of long non-coding RNAs (lncRNAs) acting as competing endogenous RNAs (ceRNAs) in MS are yet uncertain, we conducted a bioinformatics analysis to explain the lncRNA-associated ceRNA axes to clarify molecular regulatory mechanisms involved in T-cells responses in MS. Two microarray datasets of peripheral blood T-cell from subjects with relapsing-remitting MS and matched controls containing data about miRNAs (GSE43590), mRNAs and lncRNAs (GSE43591) were downloaded from the Gene Expression Omnibus database. Differentially expressed miRNAs (DEmiRNAs), mRNAs (DEmRNAs), and lncRNAs (DElncRNAs) were identified by the limma package of the R software. Protein-protein interaction (PPI) network and module were developed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) and the Molecular Complex Detection (MCODE) Cytoscape plugin, respectively. Using DIANA-LncBase and miRTarBase, the lncRNA-associated ceRNA axes was constructed. We conducted a Pearson correlation analysis and selected the positive correlations among the lncRNAs and mRNAs in the ceRNA axes. Lastly, DEmRNAs pathway enrichment was conducted by the Enrichr tool. A ceRNA regulatory relationship among Small nucleolar RNA host gene 1 (SNHG1), hsa-miR-197-3p, YOD1 deubiquitinase (YOD1) and zinc finger protein 101 (ZNF101) and downstream connected genes was identified. Pathway enrichment analysis showed that DEmRNAs were enriched in “Protein processing in endoplasmic reticulum” and “Herpes simplex virus 1 infection” pathways. To our knowledge, this would be the first report of a possible role of SNHG1/hsa-miR-197-3p/YOD1/ZNF101 axes in the pathogenesis of MS. This research remarks on the significance of ceRNAs and prepares new perceptions for discovering the molecular mechanism of MS.




Keywords: bioinformatics analysis, competing endogenous RNA, long non-coding RNA, microarray, multiple sclerosis



Introduction

Multiple sclerosis (MS) is the most frequent cause of non-traumatic neurological disability in young adult people (1). Estimates indicate that a total of 2.8 million individuals with MS live around the world (35.9 per 100,000 population) (2). In this degenerative disorder, the central nervous system is demyelinated through the mediation of the immune system. Yet, the main cause of MS is not known. MS presents in four clinical types: relapsing-remitting MS (RRMS), secondary progressive MS (SPMS), primary progressive MS (PPMS), and progressive relapsing MS (PRMS). RRMS is the most common subtype, which is represented by acute attacks (relapses) and then partially or fully recovered phases (remission) (3). Although the causes and etiologies underlie MS are not completely apprehended, there are proofs that it originates from multiple factors involving central and peripheral immunological tolerance mechanisms. An inappropriate T-cell response to myelin antigens is probably an important mechanism in MS pathogenesis (4). Emerging evidence indicates the potential of non-coding RNAs, especially long non-coding RNAs (lncRNAs) and the microRNAs (miRNAs), in the regulation of gene expression, providing novel prospects to understand the progression of MS (5–7). LncRNAs have major contributions to complex disorders (e.g., MS) through functioning as competing endogenous RNAs (ceRNAs) (8).

The ceRNA hypothesis suggests a cross-talk between both coding and non-coding RNAs through miRNA response elements (MREs), as miRNA complementary sequences, thereby forming a large-scale regulatory network in various parts of the transcriptome. Based on this supposition, through ceRNA regulatory mechanism, these two RNA transcripts will be indirectly correlated with miRNAs levels. Additionally, expression levels of these two RNA transcripts are positively correlated with each other (9). The consequence of disrupted balance of ceRNA cross-talk is well documented in a variety of disorders (10). Nevertheless, the roles and regulatory mechanisms of lncRNAs acting as ceRNAs in MS are still unclear.

As MS is complex in terms of both pathophysiological and clinical aspects, it is necessary to identify wide-ranging potential molecular targets to understand the pathogenic processes involved in MS. As the functions and regulatory mechanisms of lncRNAs role as ceRNAs in MS is not clear, bioinformatics analysis was done to clarify the lncRNA-associated ceRNA axes to explain molecular regulatory mechanisms involved in T-cells in MS.



Methods

In the present study, we utilized a system biology methodology for mining data of the two microarray datasets of peripheral blood T-cell (GSE43590 and GSE43591) from patients with RRMS and matched controls, which are SubSeries of the SuperSeries GSE43592 (11). We intended to identify differentially expressed miRNAs (DEmiRNAs), mRNAs (DEmRNAs), and lncRNAs (DElncRNAs) and construct lncRNA-associated ceRNA axes. Figure 1 summarizes the stages performed in the bioinformatics strategy. The study protocol was approved by Ethical Committee of Shahid Beheshti University of Medical Sciences and all methods were performed in accordance with the relevant guidelines and regulations.




Figure 1 | Flow chart of bioinformatics analysis.




Gene Expression Profile Data Collection

The miRNA profile data GSE43590 and lncRNA/mRNA profile data GSE43591 were obtained from the NCBI Gene Expression Omnibus database (GEO, https://www.ncbi.nlm.nih.gov/geo/). The platforms GPL14613 (miRNA-2) Affymetrix Multispecies miRNA-2 Array and GPL570 (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0 Array were applied for GSE43590 and GSE43591 datasets, respectively. The GSE43590 included 11 peripheral blood samples from RRMS patients and nine from control subjects. The GSE43591 contained 20 peripheral blood samples, of which ten were from RRMS patients, and ten were served as controls.



Data Preprocessing and DEmRNAs, DElncRNAs, and DEmiRNAs Identification

Two datasets were analyzed separately. The Robust Multichip Average (RMA) was employed for background correction and quantile normalization of the entire raw data files (12). The quality was assessed by the AgiMicroRna Bioconductor package (version 2.40.0). The principal component analysis (PCA) was applied for a dimensional reduction analysis (13) to find similarities between each sample group by the ggplot2 package in R software version 4.0.3. Differential gene expression analysis (DGEA) was performed between RRMS and normal samples by the linear models for microarray data (limma) R package (14) in Bioconductor (https://www.bioconductor.org/) (15). The miRNAmeConverter Bioconductor package (16) was used to convert all miRNA names to miRBase v22. The previously applied methodology wasfor QA employed to detect lncRNA probes (17). We downloaded the full list of lncRNA genes with the approved HUGO Gene Nomenclature Committee (HGNC) symbols from (https://www.genenames.org/) (18). Then, we compared the lncRNA gene list with our dataset gene symbols and chose the overlapped genes. Student t-test was utilized to detect statistically significant genes and the aberrantly expressed RNAs cut-off was set as: (1) a false discovery rate (adjusted P-value) < 0.05, and (2) |log2 fold change (log2FC)| ≥ 0.585. The heat map of DEmiRNAs and volcano plot of DEmRNAs/DElncRNAs were drawn using the Pheatmap (version 1.0.12) and ggplot2 packages of R.



Protein-Protein Interaction (PPI) Network Analysis and lncRNA-Associated ceRNA Axes Construction

PPIs were identified amongst the DEmRNAs using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, https://string-db.org/) (19). For PPI network construction, a combined score of 0.4 (medium confidence) was selected. The PPI network was depicted using Cytoscape software (version 3.8.0) (20). In addition, the Molecular Complex Detection (MCODE) cytoscape plugin (version 2.0.0) was used to select most significant module in the PPI network (21). The experimentally validated interactions between miRNAs and lncRNAs were identified using DIANA-LncBase v3 (22). Homo Sapiens “Species” and high “miRNA Confidence Levels” were selected as criteria for the DIANA-LncBase query. Furthermore, we acquired the interactions between miRNAs and target mRNAs from miRTarBase (23), which were supported by experimental evidence. Next, a comparison was made between the obtained mRNAs and the previously attained mRNAs. Duplicated mRNAs were then utilized for constructing the lncRNA-miRNA-mRNA axes. LncRNAs, targeted mRNAs, and the interacted miRNAs were retrieved from the ceRNA axes based on the observed opposite expression pattern between the target mRNAs and lncRNAs. The ceRNA regulatory axes were generated by the Cytoscape software.



Correlation Analysis

We performed Pearson correlation analysis to find positive correlations between lncRNAs and mRNAs that were in the ceRNA axes. We used Hmisc (version 4.5.0) and psych (version 2.1.3) packages for the calculation of the correlations and visualization.



Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analysis

The KEGG pathway enrichment analysis was done by the Enrichr tool (24, 25) for pathway enrichment for analyzing the DEmRNAs existing in the ceRNA axes.




Results


DEmRNAs and DElncRNAs Identification

Background correction and normalization were performed prior to DGEA. The AgiMicroRna Bioconductor package was employed for controlling the quality of data. The spatial distribution of samples was demonstrated by a PCA plot (Supplementary File S1), which represents information concerning the structure of the examined data, and is helpful in finding similarities between samples. PCA showed that the samples were heterogeneous. For noise reduction, few samples [GSM1065996, GSM1065997 (two control samples), and GSM1066022 (a patient sample)] were excluded from the analysis. As it is necessary to balance between noise reduction and sample size drop, only the most obvious outliers were removed. Three samples were excluded from further analysis: two control samples from GSE43590 and a RRMS sample from GSE43591.

Based on the criteria of adjusted P-value < 0.05, and (2) |log2 fold change (log2FC)| ≥ 0.585, a total of three human DEmiRNAs were identified from GSE43590, all of them being were downregulated. In the GSE43591 dataset, 19 DElncRNA (12 downregulated and seven upregulated), and 467 DEmRNA (307 downregulated and 160 upregulated) were screened. A heatmap for GSE43590 and a volcano plot for GSE43591 are shown in Figure 2. The details of DEGs are summarized in Supplementary File S1.




Figure 2 | Differentially expressed genes between relapsing-remitting multiple sclerosis (RRMS) samples and control (CTL) samples. (A) Heatmap of the DEmiRNAs in dataset GSE43590. The normalized relative expression values are in a range between zero and five. High expressed genes are shown in red, while those expressed at low levels are blue. (B) Volcano plot for the DEmRNAs and DElncRNAs in dataset GSE43591. The x-axis shows the log Fold Change, and the y-axis shows the -log10 (adjusted P-value). Upregulated and downregulated genes are represented by red and blue dots, respectively. The gray dots represent genes with no significant difference. The DEGs were screened according to a |(log2FC)≥ 0.585 and an adjusted P-value < 0.05.





PPI Network Analysis and lncRNA-Associated ceRNA Axes Construction

Protein interactions amongst DEmRNAs were identified (cutoff score ≥ 0.4) using the online STRING tool. We eliminated non-interacting genes from the PPI network to simplify it. Furthermore, the highly connected module was detected by plugin MCODE. To elucidate the regulatory mechanism in T-cells in RRMS, we made regulatory ceRNA axes based on DElncRNA-DEmiRNA and DEmiRNA-DEmRNA interactions which were obtained from DIANA-LncBase and mirTarBase, respectively. DELncRNAs, targeted DEmRNAs, and also the interacted DEmiRNAs were deleted from the ceRNA axes in the opposite expression pattern present between DElncRNAs and the targeted DEmRNAs. In total, one key lncRNA (SNHG1: small nucleolar RNA host gene 1), one key miRNA (hsa-miR-197-3p), and two key mRNAs (YOD1: YOD1 deubiquitinase and ZNF101: zinc finger protein 101) were identified. The ceRNA axes in T-cell in MS and the downstream connected genes are depicted in Figure 3.




Figure 3 | The long non-coding RNA-associated competing endogenous RNA (ceRNA) axes in T-cell in Multiple sclerosis. The red and blue nodes represent the upregulation and downregulation, respectively. The hexagon nodes and the round rectangle nodes represent the lncRNA and miRNA, respectively. The diamond nodes represent miRNAs targeted mRNAs. The ellipse nodes represent downstream connected mRNAs.





Correlation Analysis

The Pearson correlation analysis between lncRNA SNHG1 and target mRNAs (YOD1 and ZNF101) was conducted for the verification of the hypothesis that in the ceRNA axes, mRNA expression is positively regulated by lncRNA through interaction with miRNA (Figure 4). The results showed that expression of SNHG1 is positively correlated with YOD1 (r = 0.87, P < 0.001) and ZNF101 (r = 0.86, P < 0.001).




Figure 4 | The distribution of each variable is shown on the diagonal. The lower portion of the diagonal shows bivariate scatter plots with a fitted line. On the upper part of the diagonal, the correlation coefficients plus the significance level as stars are displayed. *** is significant correlation at P-value < 0.001.





KEGG Pathway Enrichment Analyses

The results of KEGG pathway enrichment analyses for DEmRNAs that were in the ceRNA axes are presented in Figure 5. The related pathways were “Protein processing in endoplasmic reticulum” and “Herpes simplex virus 1 infection”.




Figure 5 | Overall results of pathway enrichment analysis using Enrichr tool. The bar chart shows the enriched pathways, along with their corresponding P-values. Colored bars correspond to terms with significant P-values (<0.05). An asterisk (*) next to a P-value indicates the term also has a significant adjusted P-value (<0.05).






Discussion

Multiple reports have shown that ceRNA regulatory axes and connected networks act actively in various developmental procedures and pathological conditions, such as tumor formation and wide-ranging brain-related disorders (26, 27). The ceRNA is expressed differently according to tissue-related, cellular, and subcellular situations. There may be a variety of ceRNAs, including lncRNAs, circRNAs, pseudogenes, as well as mRNAs, in a network. LncRNAs, one of the main types of RNAs, are detected in the ceRNA machinery and significantly contribute to cellular mechanisms in both physiological and pathological situations (28). There is currently full agreement that lncRNAs are expressed variously according to tissue, cellular types, and developmental levels. Such a specific tissue dependence, in addition to subcellular dispersions, is a clear indication of the tight regulation of lncRNAs expression (29). As denoted in the theoretic notions, the ceRNA regulatory axes connected to lncRNAs can have a critical contribution to MS pathogenicity. Up to now, research on the ceRNA axes involved in MS has been insufficient, and it is necessary to further examine the corresponding expression patterns and mechanisms in MS. In the current study, we utilized a public database to download the expression profiles of peripheral blood T-cells from RRMS patients to assess the DEmiRNAs, DElncRNAs, and DEmRNAs in RRMS and normal samples and then construct lncRNA-miRNA-mRNA regulatory axes. According to these ceRNA axes and lncRNA-mRNA co-expression relationships, we found the lncRNA-miRNA-mRNA axes consisting of one lncRNA (SNHG1), one miRNA (hsa-miR-197-3p), and two mRNAs (YOD1 and ZNF101).

A higher level of lncRNA SNHG1 was detected in patients with RRMS in comparison with the controls. SNHG1 is a recently described lncRNA involved in the development of several tumors and other types of disorders, including Alzheimer’s disease (AD) and Parkinson’s disease (PD). In line with our result, its upregulation has been seen in in vitro models of PD from neurons and microglia, mouse models, and AD in vitro models. It is involved in the pathogenesis of AD and PD through several complementary ceRNA mechanisms (27). To our knowledge, our research is the first to report the association between SNHG1 and MS; thus, the reported result should be validated by extra investigations.

Conversely, the level of hsa-miR-197-3p was lower in RRMS patients in comparison with controls. In a profiling study using microarray analysis and validation by real-time polymerase chain reaction, hsa-miR-197-3p was identified as a downregulated significant regulatory miRNA in T-cells in RRMS (11), consistent with our result.

The expression of YOD1 and ZNF101 genes was increased in RRMS cases compared with controls. YOD1 is a highly conserved deubiquitinase-like yeast ovarian tumor domain-containing protein 1 (OTU1) related to regulating the endoplasmic reticulum (ER)-associated degradation pathway. Indeed, YOD1 is reported to be involved in the ER stress response induced by the mislocalization of unfolded proteins in mammalian cells. YOD1 was shown to have elevated expression levels due to different stress conditions. Moreover, YOD1 level upregulation was reported to be induced by neurogenic proteins, causing Huntington’s disease and PD. The deubiquitinase YOD1 was proposed to contribute in the pathogenicity of neurodegenerative diseases by reducing ubiquitination of abnormal proteins and their degradation (30). Our result is in line with these findings. ZNF101 was another gene in the ceRNA axes. Zinc finger proteins, including ZNF101 interact with nucleic acids and have lots of crucial activities, particularly regulation of transcription (31). In line with our result, a previous study reported that single nucleotide polymorphism rs1064395 in neurocan (NCAN) gene is associated with the upregulated expression level of ZNF101 (32).

In the current study, KEGG pathway enrichment analysis also was conducted. The results showed that DEmRNAs that were in the ceRNA axes were enriched in “Protein processing in endoplasmic reticulum” and “Herpes simplex virus 1 infection” pathways, respectively. The unfolded protein response (UPR) happens to respond to ER stress resulting from the accretion of unfolded or misfolded proteins in the ER. The cytoprotective activities are promoted by the UPR to amend ER stress, but the influenced cells become apoptotic due to the UPR as a result of unresolved ER stress. The UPR is a central attribute of various disorders in humans, e.g., MS (33). Furthermore, an association between herpes simplex virus 1 (HSV-1) infection and demyelination has been reported in previous studies. Nonetheless, it is not certain whether HSV-1 is involved in MS etiology. Viruses, specifically HSV-1, may act as a risk factor for MS progression rather than a causative agent. This neurotropic pathogenic agent may mediate several molecular procedures (34).

There are some limitations in our study. Firstly, multiple parameters, including different methodologies, sample preparation, patient characteristics, platforms, and analyzing data, might influence the gene expression patterns. Secondly, a small sample size can cause low statistical power. Lastly, the present findings need to be validated by confirmative experimental approaches as well as re-analysis of microarray gene expression profiles.



Conclusion

In conclusion, lncRNA SNHG1 can serve as a ceRNA to regulate the expression of YOD1 and ZNF101 and downstream connected genes in T-cells in RRMS patients via sponging hsa-miR-197-3p. In our investigation, potential research targets are provided to examine molecular mechanisms that underpin the pathogenicity of MS.
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Background

Multiple sclerosis (MS) is an incurable autoimmune disease mediated by a heterogeneous T cell population (CD3+CD161+CXCR3−CCR6+IFNγ−IL17+, CD3+CXCR3+CCR6+IFNγ+IL17+, and CD3+CXCR3+IFNγ+IL17− phenotypes) that infiltrates the central nervous system, eliciting local inflammation, demyelination and neurodegeneration. Cladribine is a lymphocyte-depleting deoxyadenosine analogue recently introduced for MS therapy as a Disease Modifying Drug (DMD). Our aim was to establish a method for the early identification and prediction of cladribine responsiveness among MS patients.



Methods

An experimental model was designed to study the cytotoxic and immunomodulatory effect of cladribine. T cell subsets of naïve relapsing-remitting MS (RRMS) patients were analyzed ex vivo and in vitro comparatively to healthy controls (HC). Surviving cells were stimulated with rh-interleukin-2 for up to 14days. Cell proliferation and immunophenotype changes were analyzed after maximal (phorbol myristate acetate/ionomycin/monensin) and physiological T-cell receptor (CD3/CD28) activation, using multiparametric flow cytometry and xMAP technology.



Results

Ex vivo CD161+Th17 cells were increased in RRMS patients. Ex vivo to in vitro phenotype shifts included: decreased CD3+CCR6+ and CD3+CD161+ in all subjects and increased CD3+CXCR3+ in RRMS patients only; Th17.1 showed increased proliferation vs Th17 in all subjects; CD3+IL17+ and CD3+IFNγ+IL17+ continued to proliferate till day 14, CD3+IFNγ+ only till day 7. Regarding cladribine exposure: RRMS CD3+ cells were more resistant compared to HC; treated CD3+ cells proliferated continuously for up to 14 days, while untreated cells only up to 7 days; both HC/RRMS CD3+CXCR3+ populations increased from baseline till day 14; in RRMS patients vs HC, IL17 secretion from cladribine-treated cells increased significantly, in line with the observed proliferation of CD3+IL17+ and CD3+IFNγ+IL17+ cells; in both HC/RRMS, cladribine led to a significant increase in CD3+IFNγ+ cells at day 7 only, having no further effect at day14. IFNγ and IL17 secreted in culture media decreased significantly from ex vivo to in vitro.



Conclusions

CD3+ subtypes showed different responsiveness due to selectivity of cladribine action, in most patients leading to in vitro survival/proliferation of lymphocyte subsets known as pathogenic in MS. This in vitro experimental model is a promising tool for the prediction of individual responsiveness of MS patients to cladribine and other DMDs.
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1 Introduction

Multiple Sclerosis (MS) is an incurable autoimmune disease affecting the central nervous system (CNS) and is associated with T cell-mediated immunopathology during all phases of the disease. Numerous genetic and pathological studies performed in the last decade point towards T and B cells, as essential players in MS pathogenesis. MS affects only the CNS, as an argument that T and B cells are recruited by CNS specific antigens (1). Activated T cells (CD3+) are capable of mounting an autoimmune response against myelin components, penetrating the blood-brain barrier, proliferating and subsequently secreting pro-inflammatory cytokines. These cytokines stimulate microglia, macrophages, astrocytes and B cells, resulting in demyelination and neurodegeneration (2, 3).

In the peripheral blood of MS patients, a large number of heterogeneous, IL17-producing CD3+ cells have been identified, especially during disease exacerbation (4, 5). In addition to a Th17 phenotype (CD3+CD4+CD161+CCR6+) characterized by IL17 production, and a classical Th1 phenotype (CD3+CD4+CXCR3+) which is associated with production of IFNγ (6, 7), a heterogeneous CD3+ cell population has been shown to be implicated in MS pathogenesis: these cells express phenotypic markers of both Th1 and Th17 cells, but in varying levels and combinations, and also exhibit a mixed profile, characterized by a CCR6+CXCR3+ immunophenotype and concomitant secretion of IL17A and IFNγ (8–11). Furthermore, both IL17-producing CD3+CD4+ and CD3+CD8+ cells were highlighted in the peripheral blood and cerebrospinal fluid of MS patients in early stages of the disease (12–14). A clonal expansion of CD3+CD8+ cells takes place within the brain inflammatory microenvironment at the onset of disease, beginning with IL17 production (15–18). The number of CD3+CD8+ cells surpasses the number of CD3+CD4+ cells in the inflammatory infiltrate of active demyelinating plaques regardless of disease stage, duration or progression (19, 20).

Relapsing-remitting MS (RRMS) is the most common clinical form of MS, accounting for about 85% of all MS cases (21). RRMS patients may benefit from treatment, but individual response to a given therapy and the occurrence of adverse events are largely unpredictable. Thus, many patients need to change several drugs in order to stabilize their disease. Current therapy consists mainly of disease-modifying drugs (DMDs) with immunomodulatory or immunosuppressive action, targeting inflammation in patients in order to reduce the relapse rate and to delay progression (22, 23).

Cladribine was first synthesized in 1972, but only approved by the FDA in the early ‘90s for the treatment of certain leukaemias (24). In 2010, cladribine was approved for RRMS in Russia and Australia, but was later removed (24). Based on clinical data from the CLARITY, CLARITY-EXT, ORACLE-MS, and PREMIERE studies, in 2017 cladribine was approved in the EU for the treatment of active RRMS (24). In 2019, cladribine was also approved by the FDA for active RRMS and, as of July 2020, it is approved in more than 75 countries (24). This synthetic deoxyadenosine analog is a prodrug, which is incorporated into the DNA of proliferating cells (like activated lymphocytes), causing strand breakage, followed by p53 activation and programmed cell death (apoptosis) through the caspase system (25, 26).

Cladribine acts as a lymphocyte-depleting drug, but preferentially depletes memory B cells: in MS patients, Cladribine can deplete 40-50% of total T cells, and approximately 80% of total B cells (27, 28), but informations on the efficacy of this drug in RRMS are scarce (29). Moreover, in some patients cladribine is not able to stop the progression of disease and induce a long-lasting remission. Hence, methods able to predict responsiveness to cladribine would be very useful in the clinical setting, allowing for the early identification of cladribine (non-)responders and assisting clinicians in proper treatment selection. however, to date, little progress has been made in personalized therapy and response prediction in MS. It is essential to identify non-responders to a therapeutic molecule before the appearance of advanced neurological lesions. Additionally, side effects of immunosuppressants or monoclonal antibodies in MS patients, as well as specific risk-benefit ratios, should be established from the earliest stages of patient management. The aim of our study was to assess an experimental model that can characterize the changes in surviving T-cell subpopulations following cladribine exposure in order to create an algorithm of responsiveness to DMDs that could assist clinicians in choosing the best therapy for each patient, avoiding additional CNS lesions, disability progression, and unnecessary costs. Cytotoxic and immunomodulatory effects of cladribine on T cells from naïve RRMS patients were studied by tracking changes in phenotypic markers of aggressivity, such as the T cell surface markers CXCR3, CCR6 and CD161, as well as the secretion of IFNγ and IL17. Such experimental models may prove useful for establishing a personalized approach to therapy in MS patients.



2 Materials and Methods


2.1 T Cell Isolation and Activation

Our study was approved by the Committee for Ethical Research of the Emergency Clinical County Hospital of Târgu Mureş (decision no. 7,100/2018) and the experiments were performed according to the Declaration of Helsinki principles for experiments involving humans. For T cell isolation, peripheral blood from RRMS naïve patients and healthy donors (healthy controls, HC) was collected in heparinized tubes (Greiner Bio-One, cat. no. 455051). Automated complete blood counts (CBC) were performed using a Sysmex XS-800i hematology analyzer and hsCRP plasma levels were analyzed with a BN ProSpec System using N Latex CardioPhase hsCRP Reagent (Siemens, cat. no. OQIY 21). Samples with more than 10×109 white blood cells/L and/or hsCRP above 3 mg/L were excluded. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque (Sigma, cat. no. H8889) density gradient centrifugation, using a standard operating procedure previously implemented in our laboratory (30), and cryopreserved with 10% DMSO at -140°C, until analysis. PBMCs were then cultured in RPMI-1640 medium containing L-glutamine (Sigma, cat. no. R8758) supplemented with 1% penicillin/1% streptomycin (Sigma A, cat. no. P4333) and 10% fetal bovine serum (FBS; Sigma, cat. no. F7524) at a density of 1-2×106 cells/mL.

Ex vivo analysis was performed after short-term maximal stimulation for 4-5 hours with 50 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma, cat. no. P-8139) and 1 μg/mL ionomycin (Sigma, cat. no. I-0634), in the presence of 0.1 μg/mL monensin (GolgiStop, BD Pharmingen, cat. no. 554724). Surface phenotype and intracellular cytokines were evaluated by multi-parametric flow cytometry analysis. An additional fraction of cells was subjected to physiological TCR activation with soluble NA/LE™ CD3 monoclonal (mAb) antibody (BD, clone HIT3a, cat. no. 555336) at a final concentration of 1 µg/mL, and CD28 mAb (BD, clone 28.2, cat. no. 555725) at a final concentration of 5 µg/mL, for 72 hours. Culture media were harvested for cytokine secretion analysis.

For in vitro medium-term analysis, thawed PBMCs were treated with CD3/CD28 mAbs for 72 hours, then transferred into media supplemented with 10 ng/mL recombinant human IL2 (rh-IL2; BD Pharmingen, cat. no. 554603) for a period of either 5 or 10 days. rh-IL2 was removed 20 hours prior to cell re-stimulation on day 7 and 14. The re-stimulations were performed with PMA/ionomycin/monensin for multi-parametric flow cytometric assessment of the phenotypic profile, and with CD3/CD28 mAbs for analysis of cytokine secretion in culture media. Cell culture and activation protocols were previously described by Korsen et al. (31).

Details of protocols are described in Figure 1.




Figure 1 | T cell culture and activation protocols. The asterisk (*) between steps indicates cell wash, cell count, and viability assessments.





2.2 Ex Vivo Versus In Vitro Maximally Activated T Cell Phenotypic Profile

Phenotypic profile analysis of T cell subsets in ex vivo (immediately after thawing cryopreserved cells) and in vitro (after maintaining thawed cells in culture for 7 and 14 days) samples consisted of immunostaining for cell surface markers, lineage-specific transcription factors, and intracellular cytokines. The first panel included specific fluorochrome-conjugated antibodies against cell surface biomarkers CD3, CD4, CD161, CXCR3, CCR6 and intracellular cytokines IFNγ and IL17. The expressions of lineage-specific transcription factors TBet and RORγt were measured with a secondary panel of fluorochrome-conjugated antibodies that tagged the same surface markers. The BD FACSAria III cytometer configuration as well as the antibodies used in the protocol are presented in Table 1. Data acquisition and analysis were performed using BD FACSDiva™ digital software. A minimum of 30,000 CD3+ events was acquired per sample. Details of cell gating strategy to identify the CD3+CD4+ cell population of interest by flow cytometry are shown in Figure 2.


Table 1 | Parameter specifications and BD FACSAria III cytometer configuration used for data acquisition.






Figure 2 | Cell gating strategy to identify Th17 and Th17.1 cell subpopulations.





2.3 The Cytotoxic Effect of Cladribine

TCR-activated cells were incubated for 48 hours with 10-7 M cladribine (Sigma Aldrich, cat. no. C4438) or in the absence of cladribine, as control samples. After the incubation period, the cytotoxic effect of cladribine was immediately assessed by absolute CBC using Sysmex XS 800i Hematology Analyzer, followed by a viability assay using the FACSAria III flow cytometer and Becton Dickinson Horizon™ Fixable Viability Stain 780 (FVS 780, BD cat. no. 565388). Necrotic cells were determined by higher levels of FVS 780, with a 10-20-fold increase in intensity over viable cells.

TCR-activated lymphocytes cultured for 48h with or without cladribine were transferred to a cladribine-free medium with rh-IL2 for up to 7 and 14 days. Lymphocytes were analyzed for viability at day 0 (before culture initiation) and at day 7 or 14, as described above.

The changes in absolute lymphocyte number reflected cell proliferation or depletion in response to the cytotoxic action of cladribine. Survival indexes were established as a ratio between absolute viable cell number without or after cladribine exposure, and initial absolute viable cell number. Proliferation indexes were calculated as a ratio of absolute viable cell number before and after 7 days and 14 days of culture with rh-IL2.



2.4 Evaluation of the Immunomodulatory Effect of Cladribine on the Cytokine Secretory Profile of TCR-Activated Cells

After 7-14 days of culturing cells exposed/unexposed to cladribine, lymphocytes were stimulated with PMA/ionomycin/monensin, and analyzed by flow cytometry for immunophenotypic changes. Immunophenotypic shifts were defined as changes in cell surface receptors (CD161, CXCR3, CCR6) and intracellular cytokines (IFNγ and IL17) expression in T cell subpopulations. The immunomodulatory effect of cladribine was quantified by flow cytometry as changes in the percentages of positive cell subpopulations, labeled with the specific antibodies for antigens of interest, as listed in Table 1. The same antibody panels and cytometer configurations were used for the assessment of cladribine effect on ex vivo versus in vitro T cell phenotype.

The ideal method for in vitro activation of T cells should mimic the signaling events that occur during physiological activation, and agonistic antibodies against the TCR/CD3 complex with the co-stimulatory molecule CD28 are largely used for this purpose. In our study, the T cell signature of secreted cytokines was analyzed in ex vivo and in vitro lymphocytes at day 7 and day 14, after re-stimulation with CD3/CD28 mAbs for 72 hours. The supernatant was collected and stored at -80°C until analysis. The secreted cytokine profile associated with TCR-activated cells was measured using xMAP Technology on FlexMap 3D Luminex analyzer and a cytokine panel, including IFNγ and IL17A built with ProcartaPlex™ Multiplex Kits from Invitrogen [Human High-Sensitivity Panel 9-plex, cat. no. EPXS090-12199-901]. Data were acquired and analyzed with xPONENT software for Luminex instruments.



2.5 Statistical Analysis

Statistical analysis of data was performed with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) and SPSS 23.0. Graphs were generated with the same softwares.

In order to evaluate data distribution, Shapiro-Wilk and one-sample Kolmogorov-Smirnov with Lilliefors correction tests were used. If data exhibited normal distribution for continuous variables, the values were expressed as means with standard deviation (SD). For non-gaussian data, the median with interquartile 25%/75% range [IQR] was used, and for categorical variables as numbers (percentage), absolute and relative frequencies were used. T-test, median, two-sample Kolmogorov-Smirnov, and Mann-Whitney U tests were used to compare the variance/mean/median differences between groups. Wilcoxon signed-ranks test (two-related samples) was used for differences between time points (ex vivo/day 7/day 14). The percentage changes of immune cell subsets were calculated from absolute numbers in comparison to baseline. P-values were considered significant when equal to or lower than 0.05: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.005, ****P ≤ 0.0001.

The correlation between two sets of data was assessed by Spearman’s or Pearson’s test, depending on data distribution and type. Strength of correlation was classified as null/very weak (|r| < 0.25), acceptable (0.25 ≤ |r| < 0.5), moderate (0.5 ≤ |r| < 0.75), or very good (|r| ≥ 0.75). Statistical testing was performed at the two‐tailed α‐level of 0.05.




3 Results

Cellular analysis was performed for 34 RRMS patients and 17 HC. The RRMS group consisted of 32.35% males, while the control group was made up of 35.29% males (p>0.05). Mean ages were 35.9 years for the RRMS group and 33.2 years for the HC group (p>0.05).


3.1 T Cell Immunophenotype Shift From Ex Vivo to In Vitro

In ex vivo samples, the proportion of CD3+CD161+ cells was significantly increased in RRMS patients compared to HC (p<0.05) (Figure 3A).




Figure 3 | The proportion of ex vivo CD161 (A), CXCR3 (B), and CCR6 (C) positive cells in HC and RRMS groups. Each dot represents one individual subject and horizontal bars indicate median values. Shown p-values were calculated using the median test.



The percentage of ex vivo CD3+CXCR3+ (Figure 3B) and CD3+CCR6+ cells (Figure 3C) was not significantly different in RRMS patients compared to HC. Compared to ex vivo, the CD3+CD161+ cell subpopulation at day 7 in vitro was significantly decreased in both RRMS patients (p=0.0002) and HC subjects (p=0.013). Compared to day 7, the percentage of CD3+CD161+ cells at day 14 decreased slightly in cultures from HC subjects and increased in RRMS patients (p<0.05) (Figure 4A). A significant increase in the CD3+CXCR3+ cell subpopulation was found in RRMS patients after 7 and 14 days in culture, relative to ex vivo cells (p=0.018 and p=0.014, respectively). For HC, non-significant variations of CD3+CXCR3+ cell subpopulations were found after 7 and 14 days in culture (Figure 4B). A significant decrease in the CD3+CCR6+ population was observed in RRMS patients (p<0.0001) and HC (p=0.0075) after 7 days in culture, with no further significant changes noted at day 14 (Figure 4C).




Figure 4 | The evolution of CD3+ cells expressing CD161 (A), CXCR3 (B) and CCR6 (C) receptors in ex vivo samples to 7 and 14 days in culture with rh-IL2. Significance levels are graphically represented as follows: NS, non significant, p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



CD3+CD4+CD161+CXCR3+ cells (Th 17.1) from HC showed a significant in vitro proliferation under rh-IL2 at day 7 relative to ex vivo samples (p<0.0001), associated with a sustained increase at day 14 (p=0.02). For RRMS subjects, Th17.1 proliferation was significant in the first 7 days (p<0.0001) and also between days 7 and 14 (p=0.0007) (Figure 5A). In vitro cultivation led to loss of CCR6 expression. In both Th17 and Th17.1 cell populations (CD3+CD4+CD161+CXCR3− and CD3+CD4+CD161+CXCR3+, respectively), the percentage of CCR6+ cells decreased over time. The Th17 population in both HC and RRMS subjects rapidly lost CCR6 expression from the ex vivo stage to day 7 (p<0.0001). Subsequently, from day 7 to day 14, the loss was non-significant. CCR6 cell surface expression decreased non-significantly on Th17.1 cells in HC from ex vivo to day 7, and significantly until day 14 (p=0.0013). In RRMS subjects, CCR6 was lost rapidly on Th17.1 and Th17 cells from ex vivo to day 7 (p<0.0001), but afterward was non-significant – results that were consistent with the evolution of CCR6+ expression on CD3+ cells (Figures 5B, 4C).




Figure 5 | The evolution of Th17 (CD3+CD4+CD161+CXCR3−) and Th17.1 (CD3+CD4+CD161+CXCR3+) cell subpopulations (A) and of CCR6 positive Th17 and Th17.1 cells (B) from ex vivo to 7 and 14 days in culture with rh-IL2. Significance levels are graphically represented as follows: NS, non significant, p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



In ex vivo samples, the percentage of Th17.1 cells was significantly lower than that of Th17 (for HC, p=0.0094 and for RRMS, p<0.0001). However, in rh-IL2 culture conditions, the Th17.1 subpopulation became predominant at day 7 (p=0.05 for HC and p=0.028 for RRMS) and day 14 (p=0.037 for HC and p=0.0009 for RRMS patients) (Figure 5A).



3.2 Ex Vivo Versus In Vitro Cytokine Production Capacity of Activated T Cells

Flow cytometric analysis of the intracellular cytokine profile of CD3+ cells after short-term maximal activation revealed a significant increase in the percentage of CD3+IFNγ+ cells for HC and RRMS patients after 7 days in culture (p=0.0024 and p=0.0005, respectively), followed by a significant decrease at day 14 (p=0.013 for HC and p=0.015 for RRMS subjects) (Figure 6A). The proportion of IL17-producing cells also increased in HC and RRMS patients from ex vivo up to day 7 (both p<0.0001), and additionally until day 14 (p=0.0004 for HC and p=0.0006 for RRMS subjects) (Figure 6B). Double-positive CD3+IFNγ+IL17+ cells increased in HC and RRMS patients after 7 days in culture, relative to cells analyzed ex vivo (p<0.0001 for RRMS subjects and p=0.0001 for HC) and continued to increase until day 14 (p=0.0007 for HC and p=0.022 for RRMS subjects) (Figure 6C). There was a significant increase in the CD3+IFNγ+IL17+ and CD3+IL17+ cell subpopulations, which proliferated well after rh-IL2 activation in vitro, in both HC and RRMS subjects.




Figure 6 | Changes in the proportion of CD3+IFNγ+ and CD3+TBet+ (A, D), CD3+IFNγ+IL17+ and CD3+TBet+RORγt+ (B, E), CD3+IL17+ and CD3+RORγt+ (C, F) cell subpopulations from ex vivo stage to days 7 and 14 of culture with rh-IL2. Significance levels are graphically presented as follows: NS, non significant, p>0.05,*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



Ex vivo TBet-positive cells, which correspond to Th1 and Th17.1 phenotypes, were significantly increased in RRMS compared to HC (p<0.0001). On the contrary, in ex vivo, CD3+RORγt+ cells, which correspond to Th17 and Th17.1 phenotypes, were significantly decreased in RRMS patients (p<0.0001).

The proportion of CD3+ cells positive for TBet (which is a transcriptional regulator of IFNγ), had non-significant variations in the HC group and a weakly significant increase (p=0.036) in RRMS patients between ex vivo status and day 14 of culture. Considering the evolution of CD3+IFNγ+ and CD3+TBet+ cells, shown in Figures 6A, D, the significant increase in the CD3+CXCR3+ cell population (Figure 4B) was probably due to a Th17.1 subpopulation, which was more resistant and proliferative in response to in vitro activation with rh-IL2.

In addition to the increased proportions of CD3+IFNγ+IL17+ and CD3+IL17+ cell subpopulations, we observed an increase in the CD3+RORγt+ cell population from ex vivo to in vitro status at day 14, but only for RRMS patients. (p<0.0001 at day 7 and p=0.035 at day 14) (Figure 6E). The analysis also revealed an increase in both transcription factors (double-positive CD3+TBet+RORγt+ cells) at day 14 for HC (p=0.0015) as well as for RRMS patients (p= 0.0004) (Figure 6F).



3.3 The Effect of In Vitro Cladribine Exposure on T Cells


3.3.1 Proliferation of Surviving T Cells After Cladribine Cytotoxic Action

For HC, after 48hrs of cladribine exposure, a survival index of 0.42 was calculated, while the survival index of unexposed cells was 0.89 (p=0.0001). After rh-IL2 activation, the proliferation index of HC cells significantly increased by day 7 (p<0.0001 for untreated cells and p<0.001 for cladribine-treated cells). From day 7 to 14, the proliferation of untreated cells decreased significantly (p=0.031), while cladribine-treated cells continued to proliferate.

For RRMS subjects, the survival index calculated after 48hrs of cladribine exposure was 0.72 for treated cells and 1.28 for untreated cells. In cultures including rh-IL2, the proliferation indices of RRMS significantly increased by day 7, similarly in both cladribine-treated and untreated cells (p<0.0001). From day 7 to 14, the proliferation of cladribine-treated cells increased non-significantly, while decreasing non-significantly for untreated cells. Under rh-IL2, the proliferation index of cladribine-treated cells increased at day 7 and again at day 14 while for untreated cells, the proliferation index increased only at day 7 (Figure 7).




Figure 7 | Survival index of cells from HC and RRMS subjects after cladribine exposure and proliferation index after 7 days or 14 days of rh-IL2 activation in cultures. Significance levels are graphically presented as follows: NS, non significant (p>0.05), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.





3.3.2 Immunomodulatory Effects of Cladribine

The difference between unexposed and cladribine-exposed CD3+CD161+ cells in HC subjects was non-significant at day 7 (p=0.072). However, the difference was significant at day 14 (p=0.005) due to the increased proliferation of CD3+CD161+ cells in cladribine-exposed versus unexposed samples. Conversely, in RRMS subjects, the difference between the percentage of CD3+CD161+ cells in cladribine-exposed versus unexposed cells was higher at day 7 (p=0.005) but was lost until day 14 (p=0.015) (Figure 8A).




Figure 8 | HC and RRMS CD3+CD161+ (A), CD3+CXCR3+ (B) and CD3+CCR6+ (C) cell population changes at day 7 and day 14, after cladribine treatment, represented as boxplot (median with error bars). NS, non significant (p > 0.05) P-values were considered significant when lower than 0.05 (*p ≤ 0.05, ***p ≤ 0.005, ****p ≤ 0.0001).



A sustained increase in CD3+CXCR3+ cell subpopulations from HC exposed to cladribine, compared to unexposed, was noted at day 7 (p=0.003) and 14 (p<0.0001). CD3+CXCR3+ cells exposed to cladribine had better survival and proliferation profiles only in HC. CD3+CXCR3+ cells from RRMS subjects had similar survival and proliferation profiles at day 7 and day 14, regardless of exposure to cladribine (Figure 8B).

For CD3+CCR6+ cells from HC at day 7, a non-significant difference was found between unexposed and cladribine-exposed cells. However, due to the increased proliferation of exposed CD3+CCR6+ cells between day 7 and 14, this difference became significant at day 14 (p=0.002). In RRMS subjects, the percentages of CD3+CCR6+ cells were not significantly different between exposed and unexposed cells at 7 and 14 days. The loss of CCR6 expression was lower in HC than in RRMS patients treated with cladribine in the first week of culture (p=0.006) (Figure 8C).

On day 7, unexposed and cladribine-exposed CD3+IFNγ+ cell subpopulations from the HC group proliferated similarly (p=0.098). On day 14, a lower percentage of CD3+IFNγ+ cells survived in culture. Unexposed cells exhibited especially poor survival. However, the difference between unexposed and cladribine-exposed CD3+IFNγ+ cell subpopulations remained non-significant. CD3+IFNγ+ cells from RRMS patients proliferated until day 7, with a weakly significant difference observed between exposed and unexposed cells (p=0.043). In the second week, the percentage of CD3+IFNγ+ cells decreased below ex vivo levels in both exposed and unexposed cells and the difference between them at day 14 was non-significant (Figure 9A). Cladribine exposure did not seem to significantly alter CD3+IFNγ+ cells proliferation in neither RRMS nor HC subjects.




Figure 9 | HC and RRMS CD3+IFNγ+ (A), CD3+IFNγ+IL17+ (B), and CD3+IL17+ (C) cell percentages changes with cladribine treatment at day 7 and 14 represented as boxplot (median with error bars). NS, non significant (p > 0.05) P-values were considered significant when lower than 0.05 (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005, ****p ≤ 0.0001).



HC CD3+IFNγ+IL17+ cells exposed to cladribine survived and proliferated better than unexposed cells until day 7 (p=0.036) and continued to fare significantly better (p=0.002) until day 14. For RRMS patients, the percentages of CD3+IFNγ+IL17+ cells also increased up to day 14 compared to ex vivo but were significantly different only at day 14 (p=0.006) (Figure 9B).

Cladribine-exposed CD3+IL17+ cell subpopulations exhibited greater survivability and proliferation than unexposed cells at day 7, for both HC (p=0.002) and RRMS subjects (p=0.0001). However, on day 14, a significant increase of exposed versus unexposed CD3+IL17+ cells was observed only in RRMS subjects (p=0.004) (Figure 9C).



3.3.3 Secreted Cytokine Profile Changes in Response to Cladribine Treatment

The cytokine profile measured from culture media of TCR-stimulated cells revealed a significant decrease in IFNγ secreted by HC cells from the ex vivo stage to day 7 (p=0.001) and day 14 (p=0.002) of culture. For RRMS patients, a significant decrease in IFNγ secretion was also observed from the ex vivo stage to day 7 and day 14 (both p<0.0001). A similar decrease in IL17 secretion was measured from the ex vivo stage until day 7 (p=0.005 for HC and p<0.0001 for RRMS) and day 14 (p=0.001 for HC and p<0.0001 for RRMS). A general trend of IFNγ and IL17 secretion recovery is observed up to day 14 in both RRMS and HC subjects, regardless of cladribine exposure.

IFNγ secretion from cladribine-treated cells significantly increased at day 7 relative to untreated cells (p=0.049 for HC and p=0.013 for RRMS), but at day 14 the differences were no longer significant (p >0.05) (Figure 10A). IL17 secretion from cladribine-treated vs untreated cells increased non-significantly for HC at day 7 and 14, but increased significantly for RRMS at both time points (p=0.027 at day 7 and p=0.007 at day 14) (Figure 10B).




Figure 10 | Changes in IFNγ (A) and IL17 (B) secretion profiles after cladribine exposure represented as boxplot (median with error bars). NS, non significant (p > 0.05) P-values were considered significant when lower than 0.05 (*p ≤ 0.05, **p ≤ 0.01).







4 Discussion


4.1 The Surface T Cell Phenotype Shifts From Ex Vivo to In Vitro Status

T cells involved in MS pathogenesis express a combination of encephalitogenic molecules from cells with Th1 and Th17 phenotypes, eliciting CNS inflammation (32). Our study first highlighted the presence of CD161, CXCR3, and CCR6 on the surface of T cells in ex vivo samples, which is expected to mirror the in vivo status of the cells quite accurately. The ex vivo T cell phenotype was compared with the phenotypic profile of in vitro rh-IL2-activated cells in medium-term cultures that are often used to study the effect of therapeutic molecules in the pre-clinical phases of trials.

As described by Fergusson et al. (33), the C-type lectin CD161 binds lectin-like transcript 1 (LLT1) expressed by both activated antigen presenting cells and lymphocytes, leading to increased IFNγ production in T lymphocytes. CD161 is considered a hallmark of Th17 cells and has been consistently associated with a memory phenotype in the adult circulation. Also, CD161 is involved in transendothelial migration in the absence of chemotactic stimuli by binding to acidic oligosaccharides on the endothelial cell surface (33). IL17 knockout mice exhibit delayed onset, reduced severity, and early recovery of experimental autoimmune encephalomyelitis (EAE), the murine model of MS. In humans, MS patients show increased IL17 levels (34), infiltration of CD3+IL17+ cells within MS brain lesions (35), and a significantly higher percentage of peripheral blood CD3+CD8+CD161high cells compared to healthy subjects (15). Taken together, data from the literature provides sufficient evidence that CD161 is involved in MS pathogenesis in ways that are yet to be fully elucidated. As expected, in our study, a significantly higher percentage of CD3+CD161+ cells was observed in the ex vivo samples from RRMS patients compared to HC (Figures 3A, 4A). Given that RRMS patients included in this study had no evidence of disease activity at the time of blood sampling, this finding suggests that increased CD3+CD161+ cell levels may serve as a potential biomarker for differentiating healthy individuals not only from relapsing MS patients but also from RRMS patients with no current evidence of disease activity. By the same logic, it could be speculated that an increased level of CD3+CD161+ cells (or an unexplained increase from the baseline) in yet undiagnosed future MS patients, may predict an upcoming clinically isolated syndrome as a first episode of MS. However, this is a speculation that remains to be addressed in future research. Regarding the in vitro evolution of CD3+CD161+ cells, the significant difference seen ex vivo between RRMS patients and HC is lost in vitro, with only an apparent recovery of RRMS CD3+CD161+ cells at day 14. Therefore, we consider that CD161 is not a suitable T cell marker for monitoring medium-term cultures using the activation protocol described in this paper.

As shown by Groom et al. (36), after initial T cell entry into the CNS, a subsequent inflow of T cells is mediated by CXCR3 (an interferon-inducible chemokine receptor). CXCR3 is associated with Th1 and CCR6+ Th1 cell phenotypes. CXCR3 binds three chemokines: CXCL9 (also known as MIG, monokine induced by gamma-interferon), CXCL10 (IP-10, interferon-induced protein of 10kDa), and CXCL11 (I-TAC, interferon-inducible T cell alpha chemoattractant), triggering the entry of CXCR3+ cells into the brain. Our analysis showed that the proportion of CD3+CXCR3+ cells from RRMS patients continued to significantly increase from ex vivo to 7 and then to 14 days in culture, while HC CD3+CXCR3+ cells increased non-significantly between these three time points (Figures 3B, 4B). Despite that, there was no significant difference between HC and RRMS CD3+CXCR3+ cells at neither time point. Since CXCR3 is an inflammation-driven, interferon-inducible molecule, this lack of significant difference ex vivo may too be related to the lack of evident disease activity in our RRMS patients at the time of blood sampling. Also, the continuous increase of this cell population in vitro is probably caused by increased levels of CD3+IL17+ and CD3+IFNγ+IL17+ cells, the two pathogenic populations that are the focus of this study (see similar patterns for Figures 4B, 5A, 6B, C).

According to Restorick et al. (37) and Lee et al. (38), CCR6 (chemokine receptor 6) binds CCL20 (chemokine ligand 20), and this CCR6-CCL20 axis is required for the initial wave of T cells entering the CNS. CCR6+ cells are the first cells recruited across the choroid plexus into the CNS, driving the activation of the endothelial barrier and reducing barrier integrity in the first phase of MS disease. It can be presumed that the gradual in vitro loss of CD3+CCR6+ (Figure 4C), CCR6+ Th17 and Th17.1 cells (Figure 5B) seen in this study was caused by the absence of CCL20 stimulation.

In summary, ex vivo levels of CD3+CD161+ cells are significantly higher in RRMS patients without evidence of disease activity, and may therefore have practical applications. In turn, ex vivo levels of CD3+CXCR3+ and CD3+CCR6+ cells are not significantly different between HC and patients. However, the situation is likely to change in relapsing patients with ongoing disease activity. As elicited by our in vitro experimental model, CD161 and especially CCR6 do not seem to be suitable T cell markers for monitoring cell cultures. CD3+CXCR3+ cell percentages however seem to increase significantly in relation to pathogenic CD3+IL17+ and CD3+IFNγ+IL17+ cell populations.



4.2 Ex Vivo Versus In Vitro Cytokine Production Capacity of Maximally Activated T Cells

A peak of CD3+ cells with maximal IFNγ-producing capacity was identified at day 7 in culture for both HC and RRMS after rh-IL2 induction. Therefore, during the second week in culture, a resumption of TBet synthesis likely occurred and the percentage of CD3+TBet+ cells stabilized. As Ross et al. (39) described, in CD3+ cells activated with rh-IL2, TBX21 gene expression is triggered, followed by TBet transcription factor and IFNγ synthesis via a STAT5-dependent mechanism. CXCR3 synthesis is also driven by TBet (36), and IL2 promotes the proliferation of cells with Th1 phenotype (39).

Cell culture conditions determined a similar evolution pattern of CD3+IFNγ+ cells in both RRMS and HC subjects. Also, cladribine exposure does not seem to alter the proliferation of CD3+IFNγ+ cells.

In vitro rh-IL2 activation generated a significant increase in the CD3+IFNγ+IL17+ cell subpopulation for HC and RRMS subjects which, simultaneous with the evolution of CD3+CD161+ and CD3+CXCR3+ cells, was related to CD3+TBet+RORγt+ signaling at day 7 and day 14 of culture.

A significant increase in CD3+IL17+ cells was observed in HC and RRMS subjects. The number of CD3+RORγt+ cells remained constant for HC but increased in RRMS patients, which could also explain the evolution of CD3+CD161+ cells during the 14 days in culture. This evolution could have been a consequence of the proliferation of cells with a Th17 phenotype that also share differing degrees of Th1 features. The heterogeneous group of Th17 cells in vitro activated with rh-IL2 were found to exhibit good survivability and proliferation.

According to van Langelaar et al. (10), the heterogeneous cellular Th17 phenotype can be comprised of high (CCR6+CXCR3−) and low (CCR6+CXCR3+) IL17A-producers, that is CCR6+CXCR3−CCR4+IFNγ+IL17high Th17 cells, CCR6+CXCR3+CCR4−IFNγ+IL17low Th17.1 cells, and CCR6+CXCR3+CCR4+IFNγ+IL17dim Th17 double-positives cells. Th17.1 (Th1-like Th17) cells have a Th17 origin and are characterized by IL17 and IFNγ co-expression (due to co-expression of transcription factors TBet and RORγt) and the presence of CCR6 and CXCR3, with or without CCR4 expression on the cell surface. Th17.1 cells also showed CD161 expression, as an ex-Th17 phenotype, but with distinct pro-inflammatory Th1 features due to the co-expression of VLA-4, CD161, TBet, RORγt, IFNγ, IL17 and GM-CSF (10). Th17.1 cells are recruited to the CNS to mediate early MS disease activity and are predominantly accumulated in the blood of relapse-free patients (10). As Kalra et al. (5) demonstrated, this group shares features of Th17 and Th1 cells, but also contains non-classical Th1 cells (known as ex-Th17 or non-conventional Th1 cells), which are significantly more numerous in the CSF as compared to the peripheral blood. These IFNγ-secreting Th17 cells express TBX21, CCR6 and CXCR3 surface markers and RORγt, but are characterized by the absence of Th17-associated cytokines.

Acquaviva et al. (40) showed that the gene expression of both IL17 and C-type lectin CD161, controlled by the transcription factor RORγt, is not only a feature of Th17 cells but also of a particular CD3+CD8+ cell type. Hinks and Zhang (41) described CD8+CD161high cells, known as mucosal-associated invariant T (MAIT) cells. Fergusson et al. (33) showed that 10% of MAIT cells display an upregulated expression of RORγt and CCR6, representing a Tc17 cell type with diminished cytotoxic potential due to a reduced amount of the Tbox transcription factor, Eomesodermin, IFNγ, and granzyme B in comparison with CD3+CD8+ effector cells. The frequency of CD3+CD8+CD161+ lymphocytes decreased in blood but increased in the inflamed site by infiltrating MS lesions. Seventy to eighty percent of CD3+CD8+ cells from active MS lesions are known to produce IL17 (40). Patients with MS have a significantly higher percentage of peripheral blood CD3+CD8+CD161high cells, which secrete more IL17 than in healthy individuals. Furthermore, IFNγ and IFNγ/IL17 co-secreting CD3+CD8+ cells were identified, expressing intermediate or high CD161 levels, while CD3+CD4+ cells express intermediate levels of CD161 (40).

In summary, this study enabled the emphasis to be placed on CD3+ cell subpopulations involved in MS pathology. More specific, the proposed in vitro experimental protocol has proven very efficient at selecting pathogenic Th17 and especially Th17.1 populations (Figure 5A), and also pathogenic secretory CD3+ cell populations such as CD3+IL17+ and CD3+IFNγ+IL17+ (Figures 6B, C). We conclude that the protocol is appropriate for personalized in vitro T cell profile assessment by short- and medium-term activation and for the in vitro investigation of the effect of therapeutic drugs on such selected populations. One limitation of the present study was the lack of characterization of CD3+CD8+ cells and their specific contribution to the evolution of CD3+ cell subpopulations in culture with rh-IL2.



4.3 The Effect of In Vitro Cladribine Exposure on T Cells

Heterogeneous brain-infiltrating lymphocyte subsets are known to contribute to MS pathogenesis (32). A better knowledge of the particular phenotype shift and proliferation capacity of lymphocyte subsets in response to DMDs can help in developing a predictive algorithm of responsiveness in order to tailor the best therapy for each MS patient. Characterization of immune cell alterations occurring during the disease course and in response to treatment may support a better understanding of MS pathogenesis and the mechanism of action of DMDs (42).


4.3.1 Real-World Data on Cladribine Treatment for MS

Published in 2010, CLARITY was the first clinical trial on cladribine treatment for RRMS patients (43). This Phase III randomised controlled clinical trial demonstrated that treatment with oral cladribine significantly reduces the relapse rate, the risk of disability progression, and MRI measures of disease activity in RRMS patients (43). Subsequent clinical trials, clinical trials extensions, trial cohort follow-ups, and other studies have confirmed cladribine as a potent DMD for MS patients, with therapeutic efficiency lasting between 2-5 years or even up to 8 years in some individuals (29, 42, 44–49). Other ongoing clinical trials are aiming to further establish clear therapeutic indications for MS patients in various stages of the disease and clinical contexts (50).


Cladribine has been approved in the EU in 2017 and is currently indicated mostly for the treatment of patients with highly active RRMS. Regarding cladribine’s efficacy and real-world applications compared to other drugs, a Class III evidence, CLARITY/i-MuST propensity score matched study on RRMS patients showed that cladribine-treated patients had: lower annualized relapse rates compared with interferon, glatiramer acetate, or dimethyl fumarate; similar annualized relapse rates compared to fingolimod; and higher annualized relapse rates compared to natalizumab (51). Moreover, the beneficial effect of oral cladribine was generally higher in patients with high disease activity (51). Similar results were observed in a cohort of RRMS patients where cladribine was proven superior to interferon, similar to fingolimod, and inferior to natalizumab (52). Similarly, a recent publication suggests that oral cladribine is significantly more effective in achieving NEDA-3 (no evidence of disease activity-3, a composite endpoint comprising 3 measurements of disease activity: lack of clinical relapse, lack of confirmed disability progression, and no disease activity on MRI) than dimethyl fumarate and teriflunomide, but has similar efficacy compared with fingolimod (53). According to a network meta-analysis regarding the effects of RRMS drugs on annualized relapse rates and confirmed disability progression in patients with active and highly active RRMS, cladribine was superior to glatiramer acetate and interferon, but similar to dimethyl fumarate and fingolimod (54). In the same network meta-analysis, when compared with other DMDs, cladribine was ranked 4th on a scale of efficacy for reduction of annualized relapse rate, after alemtuzumab, natalizumab, and ocrelizumab (54). However, regarding confirmed disease progression for 6 months, NEDA, and overall adverse event risk, oral cladribine did not differ significantly from most alternative DMDs (54). A recent study on 270 MS patients from Germany, reported that patients switching from natalizumab to cladribine tablets were prone to re-emerging disease activity (55). Similarly, recent evidence from patients switching from natalizumab to other DMDs shows that cladribine has a higher risk for relapses and MRI activity than ocrelizumab, but similar to rituximab (56). Regarding confirmed disability progression, there was no difference between patients switching from natalizumab to either cladribine, ocrelizumab, or rituximab (56). Overall, cladribine seems to be a safe exit strategy in natalizumab-treated RRMS patients at high risk of progressive multifocal leukoencephalopathy (56).

All things considered, there’s an increasing body of evidence from clinical trials and large studies in support of cladribine as a safe and efficient DMD in RRMS. However, despite these evidences and its superiority over other DMDs, the short- and long-term effects of cladribine on cells of the specific immune system are yet to be fully elucidated. Risk assessment is required before initiating cladribine therapy in MS patients, especially due to its lymphocyte-depleting effect which can cause severe lymphopenia. Moreover, cladribine treatment should ideally be initiated only for individuals responsive to this DMD. Hence, we aimed to assess the effect of cladribine on T cells phenotype as a means towards achieving the goal of precision medicine in RRMS patients.



4.3.2 The Cytotoxic Effect of Cladribine

As a result of the cytotoxic effect of cladribine, the initial T cell proliferation index after 48h of cladribine exposure was lower for treated cells from both HC and RRMS patients, compared to untreated cells. However, the median proliferation index was higher in RRMS patients compared to HC (untreated: 1.28 vs 0.89; treated: 0.72 vs 0.42; see Figure 7). These differences suggest that T cells of RRMS patients tend to proliferate (as opposed to T cells of HC) and are also more resistant to cladribine compared to T cells of HC. In both HC and RRMS, only treated T cells proliferated continuously until day 14, suggesting that T cells resistant to cladribine also display a consistent proliferative behavior. Given the meteoric rise of Th17 and especially Th17.1 in vitro (Figure 5A), it is safe to assume that these two pathogenic populations share a certain degree of cladribine resistance and proliferative behavior.



4.3.3 The Immunomodulatory Effect of Cladribine

Cellular subpopulations like Th17 and Th17.1 are very rare in the peripheral blood. Secretory profile assessment of T cells lineage using intracellular cytokines in vitro experimental protocol has been proven to be very efficient in the analysis of these T subpopulations. In cultures exposed to cladribine, CD3+CD161+ cells from HC were depleted until day 7, as in untreated cells; however, the exposed HC CD3+CD161+ cells proliferated up to day 14, which led to a significant difference between treated and untreated cells (Figure 8A). On day 7, there was a significantly higher percentage of treated CD3+CD161+ RRMS cells compared to untreated cells. The phenomenon of survival and proliferation after cladribine exposure continued for up to 14 days, further generating significantly higher percentages of CD161+ cells in cladribine treated cultures. CD3+CXCR3+ cells from HC were selected, surviving and proliferating well up to day 7 and day 14, with a significant difference observed between cladribine-treated and untreated cells. CD3+CXCR3+ cells from RRMS patients also proliferated well up to day 7 and day 14, with non-significant differences between cladribine-exposed and unexposed cell cultures (Figure 8B). The number of CD3+CCR6+ cells decreased only in the first week after cladribine exposure. In the second week, treated cells proliferated, highlighting a significant difference between untreated and cladribine-treated CD3+CCR6+ cells. The RRMS CD3+CCR6+ cell subpopulation was non-significantly modified in treated and untreated cell cultures on day 7 and day 14 (Figure 8C).

CD3+IFNγ+ cells from HC showed significant proliferation until day 7, followed by significant depletion at day 14, regardless of cladribine exposure. Cladribine-treated CD3+IFNγ+ cells from RRMS subjects also proliferated well during the first week, particularly compared to untreated cells. In the second week of culture, a similar depletion of untreated and treated cells was observed. The proliferation of the surviving CD3+IFNγ+IL17+cells from HC and RRMS subjects was more intense during the second week after cladribine exposure (Figure 9B). Cladribine-treated CD3+IL17+ cells from both HC and RRMS proliferated more than untreated cells at day 7, and only cladribine-treated RRMS CD3+IL17+ cells proliferated significantly more compared to untreated cells at day 14. Overall, CD3+CXCR3+, CD3+IL17+, and CD3+IFNγ+IL17+ are the populations with the highest proliferation after cladribine exposure. It appears that cladribine selects these T cell subpopulations, which survive and proliferate well. The recovery of CD161+ and CCR6+ cells at day 14 after cladribine exposure was also observed.

On day 7, IFNγ secretion in culture media from cladribine-treated cells was significantly higher than in untreated cells in both HC and RRMS subjects. On day 14, there is a non-significant difference between untreated and cladribine-treated cells. Given the much higher proportion of IFNγ single-positive cells (corresponding to Th1) relative to the T cell subpopulation double-positive for IFNγ and IL17, it can be presumed that Th1 cells make the largest contribution to IFNγ secretion. Indeed, similarly, the appearance of IFNγ single-positive cells has also been linked to IFNγ secretion in culture media. Exposure to cladribine led to a significant increase in CD3+IFNγ+ cells at day 7 only in RRMS patients and then had no effect at day 14. The levels of IFNγ secretion were different only at day 7, after which point there was no significant difference, regardless of cladribine exposure, in both HC and RRMS patients. These results, together with the evolution of the T cell phenotype in vitro at 7 and 14 days, indicate that a 14-day, double-stimulation in vitro experimental protocol is not necessarily needed, as data collected at day 14 is mainly redundant compared to data collected at day 7. Hence, we propose that, in view of precision medicine approaches to MS treatment, a 7-day, one-stimulation, standard experimental protocol be used for the induction of significant and measurable individual and disease-specific changes in vitro. Here, we tried to establish a relation between intracellular cytokine production and culture media cytokine levels. We emphasize that such efforts should be made in order to identify corresponding techniques that could replace costly and elaborate investigations like intracellular cytokine staining and multiparameter flow cytometry.

Despite the significant proliferation of cladribine-treated CD3+IL17+ cells at day 7, and of CD3+IFNγ+IL17+ cells at day 7 and day 14 of culture, IL17 secretion from HC cells was not different between untreated and treated cells at these time points. In RRMS patients, IL17 secretion from cladribine-treated cells was significantly higher at day 7 and day 14, in line with the proliferation of CD3+IL17+ and CD3+IFNγ+IL17+ cells exposed to cladribine.

As Korsen et al. (31) demonstrated, in vitro treatment with cladribine for 72 h, followed by PBMC culture for up to 58 days with IL2 and re-stimulation of surviving cells with anti-CD3/anti-CD28 antibodies or phytohemagglutinin, did not impair cell proliferation. Initial exposure of PBMCs from healthy subjects to cladribine only affected anti-inflammatory cytokine release. No significant changes were observed regarding IFNγ and IL17A secretion in culture media

An important issue is the influence of the different methods used for T cell activation. According to the cytokine profile determined by Olsen et al. (57), IFNγ and IL17 production were higher after T cell stimulation with PMA/ionomycin compared to anti-CD3/anti-CD28 mAbs. While T cell activation by anti-CD3/anti-CD28 mAbs is regarded as a physiological activation through the T-cell receptor complex (TCR), PMA/ionomycin activation triggers maximal cytokine production With appropriate concentration and stimulation time, PMA/ionomycin stimulation is useful to characterize cytokine production in poorly represented T cell subpopulations. While physiological activation may be the preferred option to assess the immune profile of T cells involved in MS, PMA/ionomycin activation provides more information on the immunomodulatory effect of DMDs such as cladribine. In this regard, the analysis of RRMS subjects, including those with outlier values, revealed an agreement between the results obtained by short maximal activation with PMA/ionomycin and by physiological activation with anti-CD3/anti-CD28 mAbs, only at day 7 in culture. On day 14, only the maximal activation provided significant results on the effect of cladribine (Figures 9B, C).

In a study recently published by Moser et al. (58), the immunological consequences of two cycles of therapy with oral cladribine for two years on 18 MS patients were investigated. The authors observed that CD3+CD4+ and CD3+CD8+ cells reached the lowest levels at month 15, followed by recovery at month 24. Memory and naïve T cytotoxic and helper cells were not altered by cladribine. Central memory and effector memory CD8+ cells, together with central memory Th17.1 (CD4+CD45RO+CCR7+CXCR3+CCR6high) cells, were depleted during the two-year period. Cladribine led to a depletion of Th1 and Th17.1 cells only at the end of year two, but no significant changes were noted in the cytokine expression profiles of Th1 and different Th17 subsets. In another study, Stuve et al. (59) analyzed the effects of 3.5 mg/kg cladribine administration after the first year of treatment. Cladribine intake led to a large reduction in B cells (approximately 80% at nadir), a moderate reduction in T cells (approximately 50% CD4+ and 40% CD8+ at nadir), and smaller reductions in NK cells (between 30% and 44% at nadir). The reductions were followed by a quick recovery towards baseline levels for CD16+/CD56+ and for CD19+ cells. The CD4+ and CD8+ T cells had a minimal and gradual recovery. Both memory and effector CD4+ T lymphocytes proportions decreased after treatment (63% and 54%, respectively, at nadir). CD4+ central memory remained lower at 48 weeks than at baseline, and CD4+ effector memory T cells were 16% higher at week 48 than at baseline.

All of the discussed findings raise the issue of cladribine action selectivity on different T cell subsets. Cladribine undergoes intracellular phosphorylation catalyzed by deoxycytidine kinase (DCK), generating active mononucleotide 2-chlorodeoxyadenosine 5’-triphosphate (2CdATP), which incorporates into DNA, blocking its synthesis and leading to cell death. DCK expression is variable in different types of lymphocytes, dependent on their degree of activation. Cells of the immune system present different sensitivities to cladribine, depending on the expression levels of DCK and two cytosolic 5-nucleotidases (5-NT) isoforms most involved in adenosine metabolism: higher DCK to 5-NT ratio means higher cladribine sensitivity (60). Among lymphocytes, DCK:5-NT is very high for B cells, intermediate for CD4+ T cells, and low for CD8+ T cells (60). The CLARITY clinical trial revealed that oral cladribine treatment was associated with a profound decline in lymphocyte counts from baseline (43). Although B cells are the most affected by cladribine, a gradual repopulation is seen toward the ends of both courses of treatment (27). On the other hand, T cell depletion was modest and dose-dependent, but sustained. Thus, Baker et al. hypothesized that the marked and long-lasting depletion of B cells is the key mechanism of action of cladribine in MS (27). However, given that major peripheral blood immune subsets such as CD4+/CD8+/CD19+ can not be used as biomarkers to predict disease activation following cladribine treatment, the authors also recognize that the mechanism of action of cladribine in MS is up to debate (27). It is likely that the pathogenic cells in MS are represented only by a minor population within any major cell subset. Therefore, cladribine’s beneficial effect in MS may be explained by either one or both qualitative and quantitative changes in one or multiple lymphocyte subsets. An in depth analysis of the many immune subsets may be the key to uncovering the mechanism of action of cladribine in MS.

All things considered, B cells have been so far the lymphocyte population most studied in MS. However, given the important role of T cells in the pathogenesis and progression of MS, we consider that a more in depth investigation of this lymphocyte population is needed in order to further clarify its role in MS. Therefore, we aimed to analyze both the quantitative (survival/proliferation index) and qualitative (immunophenotype) effects of in vitro cladribine exposure on T cells from RRMS patients in order to identify an algorithm able to differentiate between cladribine responders and non-responders. This endeavor represents a step towards precision medicine in MS.

The different responsiveness of particular lymphocyte subtypes to cladribine action, such as the sustained proliferation of cladribine-treated cells during two weeks in culture, was highlighted in our study. At the individual level, we assessed the net effect of cladribine on the evolution of cytokine-producing CD3+ cell populations after 7 days in culture (see Figure 11). Net variation is expressed as absolute percentage of cell population from the parent CD3+ cell population and is calculated as follows: (% value in treated samples) – (% value in untreated samples). Due to their role in the pathology of MS, CD3+IFNγ+IL17+ followed by CD3+IL17+ cell populations were the main focus of this assessment. Despite the apparent heterogeneity, Figure 11A shows a continuous and mainly unidirectional variation of cladribine effect on cytokine-producing CD3+ populations at day 7, defined by significant positive correlations between the (primary aggressive) CD3+IFNγ+IL17+ cell population and the CD3+IFNγ+ (Spearman’s r=0.662, p<0.0001) and CD3+IL17+ (Spearman’s r=0.356, p=0.038) cell populations. Interestingly, it should be noted that the top 10% of RRMS subjects on the list (Figure 11A; 4 RRMS patients: 06, 24, 15, and 27) presented systematically high values and were therefore classified as atypical for multiple parameters, including their response to short-term maximal activation with PMA/ionomycin/monensin, and to physiological stimulation. Given that, after cladribine exposure, all four subjects showed a significant net increase in all three cytokine-producing CD3+ cell populations (IFNγ+IL17+, IL17+, and IFNγ+), we consider these patients as possible drug-resistant or non-responders to cladribine. Inversely, most RRMS patients from the bottom 40% of the list (10 out of 14) show post-cladribine net variations of ≤ 0% for the CD3+IFNγ+IL17+ population and ≤ +0.5% for the CD3+IL17+ population. These negative net variations are caused by a lower prevalence of the pathogenic CD3+ cell populations in cladribine-treated samples compared to untreated samples, hinting at the suppressive role of cladribine on these pathogenic subsets. Hence, we consider these patients as possible responders to cladribine treatment. Moreover, based on the evolution of the CD3+IFNγ+ cell population, these responders can be further divided into two distinct types: type 1 (complete) responder (relative depletion of all 3 cell populations: CD3+IFNγ+IL17+, CD3+IL17+, and CD3+IFNγ+) and type 2 (incomplete) responder (relative depletion of CD3+IFNγ+IL17+ and CD3+IL17+ cells and relative selection of CD3+IFNγ+ cells). In summary, data analysis at the individual level with emphasis on the highs and lows of the same group, revealed that in some patients cladribine could be very effective in depleting IL17 and IFNγ secretory CD3+ cells, while in others, it may select highly reactive lymphocyte species, such as CD3+IFNγ+IL17+ and CD3+IL17+.




Figure 11 | For each subject, the percentage of IFNγ+IL17+, IL17+, and IFNγ+ T cells was determined at day 7 through flow cytometry from paired cladribine-exposed and unexposed samples. The net effect of cladribine on the cytokine-producing populations was calculated for each subject as follows: (cytokine-producing population as % of T cells in the cladribine-exposed sample) – (the same cytokine-producing population as % of T cells in the unexposed sample). Calculated values reflect the true effect of cladribine and were used to generate the 2 heatmaps in this figure (A – RRMS patients, B – healthy donors). Based on the observed trends and patterns, RRMS patients were divided into 3 groups that may reflect each subject’s individual reaction to cladribine exposure: NR, non-responders (defined as net increase in all 3 cytokine-producing T cell populations after cladribine exposure), R1 – type 1 responders (defined as net decrease of all three cytokine-producing T cell populations), and R2 – type 2 responder (defined as net decrease of IFNγ+IL17+ and IL17+ T cells combined with net increase in IFNγ+ T cells). Note that HC and RRMS share the same color gradient. Also, the values are color coded based on Z score, while the range of absolute net % values for cell populations is presented at the bottom of each column.



In HC, no similar pattern of responsiveness can be established. The bottom 50% of the list meets the main criterion of responsiveness used above for RRMS patients, that is a post-cladribine net variation of ≤ 0% for the CD3+IFNγ+IL17+ cells. Another similarity between HC and RRMS responders is that, except for one, all HC responders show negative net variation for CD3+IFNγ+ cells. However, in contrast to the established RRMS pattern, all of these HC responders show a positive net variation of CD3+IL17+ cells, ranging from 0.1% to 1.3%. This notable difference between HC responders, where net variations of CD3+IL17+ cells are all > 0%, and RRMS responders, where net variations of CD3+IL17+ cells are mainly ≤ 0%, is also supported by a negative correlation between the two cell populations in HC (Spearman’s r = -0.498, p=0.042). The HC subjects showing a non-responder behavior populate the upper 35% of the HC lot. However, once again in contrast to RRMS subjects, HC non-responders show mainly negative net variations for CD3+IFNγ+ cells whereas RRMS non-responders show highly positive net variations for CD3+IFNγ+ cells. A noteworthy case is the top HC non-responder which was an apparently healthy 35-year-old male who passed the exclusion criteria with a hsCRP level of 2.27 mg/L and a WBC count of 7.18×109/L. The ex vivo levels of IFNγ and IL17A secreted in culture were as follows: IL17A 139.1 ng/mL (group range 5.8–519.8 ng/mL, median value 68.7 ng/mL, 4th largest value) and IFNγ 3671.3 ng/mL (group range 26.6–6666.9 ng/mL, median value 1167.5 ng/mL, 2nd largest value). Given the exaggerated response in ex vivo and in vitro experiments, we further investigated the levels of three inflammatory cytokines secreted in culture media: IL1β (3485 ng/mL), IL6 (17350 ng/mL), and TNFα (756 ng/mL). Given the described experimental behavior and cytokine levels together with the normal levels of hsCRP and WBC, we can only assume that this particular HC subject was going through the very early phase of an acute inflammation at the time of blood sampling.

A better knowledge of the particular phenotype shift and proliferation capacity of lymphocyte subsets in response to cladribine may help in developing a predictive algorithm of responsiveness in order to tailor the best therapy for each MS patient. This experimental model could be useful for precision therapy and to identify cladribine non-responders, to evaluate the behavior of Th1, Th17, Th17.1 cells from naïve MS patients in the presence of cladribine. As cladribine is an important member of immune reconstruction therapies, it is mandatory to determine what type of lymphocytes undergo this reconstruction process and what types are spared. In clinical practice there is no rebound of MS clinical or MRI activity even after recovery of T cell count, suggesting a degree of qualitative change after treatment with cladribine in the adaptive immune response (3, 61, 62).

A limitation of our study is patient-related since no relevant clinical data on the evolution of the investigated RRMS patients is available at the moment of writing. Therefore, only hypothetical, but no clear relations between the ex vivo/in vitro behavior of T cells and the clinical evolution of RRMS patients could be established. However, this is merely a temporal limitation as all RRMS patients included in this study are monitored periodically and, given the natural evolution of MS, more relevant clinical data will likely come to light over the following years.

The lately therapeutic developments seen in MS are unmatched in any field of neurology. Actually, modern treatment guidelines place the MS patient in the center of the treatment decision-making process for the improvement of MS management. There are nonresponders to DMDs among MS patients, but the amount of newly available DMDs on the market poses great challenges in selecting the right DMD for the right MS patients at the right moment. Hence, current interest and research targets to provide the tools and evidence for personalized medicine in MS. In the era of precision medicine, the decision to recommend treatment with cladribine to MS patients requires an understanding of cell responsiveness, which can be very different from patient to patient.

The experimental method we propose here could be the answer for the early prediction of the responsiveness of MS patient to cladribine. Additionally, this model may be extended to other DMDs.
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Acknowledgments

The authors are grateful to the physicians and nurses from the Neurology 1 Clinic of the Emergency Clinical County Hospital of Târgu Mureș, who participated in our study.



References

1. van Langelaar, J, Rijvers, L, Smolders, J, and Van Luijn, MM. B and T Cells Driving Multiple Sclerosis: Identity, Mechanisms and Potential Triggers. Front Immunol (2020) 11:760. doi: 10.3389/fimmu.2020.00760

2. Peterson, LK, and Fujinami, RS. Inflammation, Demyelination, Neurodegeneration and Neuroprotection in the Pathogenesis of Multiple Sclerosis. J Neuroimmunol (2007) 184(1-2):37–44. doi: 10.1016/j.jneuroim.2006.11.015

3. Balasa, R, Maier, S, Barcutean, L, Stoian, A, and Motataianu, A. The Direct Deleterious Effect of Th17 Cells in the Nervous System Compartment in Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis: One Possible Link Between Neuroinflammation and Neurodegeneration. Rev Romana Med Laborator (2020) 28(1):9–17. doi: 10.2478/rrlm-2020-0005

4. Durelli, L, Conti, L, Clerico, M, Boselli, D, Contessa, G, Ripellino, P, et al. T-Helper 17 Cells Expand in Multiple Sclerosis and Are Inhibited by Interferon-Beta. Ann Neurol (2009) 65:499–509. doi: 10.1002/ana.21652

5. Kalra, S, Lowndes, C, Durant, L, Strange, RC, Al-Araji, A, Hawkins, CP, et al. Th17 Cells Increase in RRMS as Well as in SPMS, Whereas Various Other Phenotypes of Th17 Increase in RRMS Only. Mult Scler J Exp Transl Clin (2020) 6(1):2055217319899695. doi: 10.1177/2055217319899695

6. Annunziato, F, Cosmi, L, Santarlasci, V, Maggi, L, Liotta, F, Mazzinghi, B, et al. Phenotypic and Functional Features of Human Th17 Cells. J Exp Med (2007) 204(8):1849–61. doi: 10.1084/jem.20070663

7. Basdeo, SA, Cluxton, D, Sulaimani, J, Moran, B, Canavan, M, Orr, C, et al. Ex-Th17 (Nonclassical Th1) Cells Are Functionally Distinct From Classical Th1 and Th17 Cells and Are Not Constrained by Regulatory T Cells. J Immunol (2017) 198(6):2249–59. doi: 10.4049/jimmunol.1600737

8. Boniface, K, Blumenschein, WM, Brovont-Porth, K, McGeachy, MJ, Basham, B, Desai, B, et al. Human Th17 Cells Comprise Heterogeneous Subsets Including IFN-γ–Producing Cells With Distinct Properties From the Th1 Lineage. J Immunol (2010) 185(1):679–87. doi: 10.4049/jimmunol.1000366

9. Jones, AP, Kermode, AG, Lucas, RM, Carroll, WM, Nolan, D, and Hart, PH. Circulating Immune Cells in Multiple Sclerosis. Clin Exp Immunol (2017) 187:193–203. doi: 10.1111/cei.12878

10. van Langelaar, J, van der Vuurst de Vries, RM, Janssen, M, Wierenga-Wolf, AF, Spilt, IM, Siepman, TA, et al. T Helper 17.1 Cells Associate With Multiple Sclerosis Disease Activity: Perspectives for Early Intervention. Brain J Neurol (2018) 141(5):1334–49. doi: 10.1093/brain/awy069

11. Kunkl, M, Frascolla, S, Amormino, C, Volpe, E, and Tuosto, L. T Helper Cells: The Modulators of Inflammation in Multiple Sclerosis. Cells (2020) 9(2):482. doi: 10.3390/cells9020482

12. Skulina, C, Schmidt, S, Dornmair, K, Babbe, H, Roers, A, Rajewsky, K, et al. Multiple Sclerosis: Brain-Infiltrating CD8+ T Cells Persist as Clonal Expansions in the Cerebrospinal Fluid and Blood. Proc Natl Acad Sci USA (2004) 101(8):2428–33. doi: 10.1073/pnas.0308689100

13. Huber, M, Heink, S, Grothe, H, Guralnik, A, Reinhard, K, Elflein, K, et al. A Th17-Like Developmental Process Leads to CD8(+) Tc17 Cells With Reduced Cytotoxic Activity. Eur J Immunol (2009) 39(7):1716–25. doi: 10.1002/eji.200939412

14. Salou, M, Garcia, A, Michel, L, Gainche-Salmon, A, Loussouarn, D, Nicol, B, et al. Expanded CD8 T-Cell Sharing Between Periphery and CNS in Multiple Sclerosis. Ann Clin Transl Neurol (2015) 2(6):609–22. doi: 10.1002/acn3.199

15. Annibali, V, Ristori, G, Angelini, DF, Serafini, B, Mechelli, R, Cannoni, S, et al. CD161(high)Cd8+T Cells Bear Pathogenetic Potential in Multiple Sclerosis. Brain (2011) 134(Pt 2):542–54. doi: 10.1093/brain/awq354

16. Salou, M, Nicol, B, Garcia, A, and Laplaud, DA. Involvement of CD8(+) T Cells in Multiple Sclerosis. Front Immunol (2015) 6:604. doi: 10.3389/fimmu.2015.00604

17. Willing, A, Jäger, J, Reinhardt, S, Kursawe, N, and Friese, MA. Production of IL-17 by MAIT Cells Is Increased in Multiple Sclerosis and Is Associated With IL-7 Receptor Expression. J Immunol (2018) 200(3):974–82. doi: 10.4049/jimmunol.1701213

18. Beltrán, E, Gerdes, LA, Hansen, J, Flierl-Hecht, A, Krebs, S, Blum, H, et al. Early Adaptive Immune Activation Detected in Monozygotic Twins With Prodromal Multiple Sclerosis. J Clin Invest (2019) 129(11):4758–68. doi: 10.1172/JCI128475

19. Denic, A, Wootla, B, and Rodriguez, M. CD8(+) T Cells in Multiple Sclerosis. Expert Opin Ther Targets (2013) 17(9):1053–66. doi: 10.1517/14728222.2013.815726

20. Wagner, CA, Roqué, PJ, and Goverman, JM. Pathogenic T Cell Cytokines in Multiple Sclerosis. J Exp Med (2020) 217(1):e20190460. doi: 10.1084/jem.20190460

21. Tillery, EE, Clements, JN, and Howard, Z. What’s New in Multiple Sclerosis? Ment Health Clin (2018) 7(5):213–20. doi: 10.9740/mhc.2017.09.213

22. Gajofatto, A, and Benedetti, MD. Treatment Strategies for Multiple Sclerosis: When to Start, When to Change, When to Stop? World J Clin Cases (2015) 3(7):545–55. doi: 10.12998/wjcc.v3.i7.545

23. Wingerchuk, DM, and Weinshenker, BG. Disease Modifying Therapies for Relapsing Multiple Sclerosis. BMJ (2016) 354:i3518. doi: 10.1136/bmj.i3518

24. Rammohan, K, Coyle, PK, Sylvester, E, Galazka, A, Dangond, F, Grosso, M, et al. The Development of Cladribine Tablets for the Treatment of Multiple Sclerosis: A Comprehensive Review. Drugs (2020) 80(18):1901–28. doi: 10.1007/s40265-020-01422-9

25. Schreiber, K, and Soelberg Sorensen, P. Cladribine in the Treatment of Multiple Sclerosis. Clin Invest (2011) 1(2):317–26. doi: 10.4155/CLI.10.32

26. Baker, D, Pryce, G, Herrod, SS, and Schmierer, K. Potential Mechanisms of Action Related to the Efficacy and Safety of Cladribine. Mult Scler Relat Disord (2019) 30:176–86. doi: 10.1016/j.msard.2019.02.018

27. Baker, D, Herrod, SS, Alvarez-Gonzalez, C, Zalewski, L, Albor, C, and Schmierer, K. Both Cladribine and Alemtuzumab may Effect MS via B-Cell Depletion. Neurol Neuroimmunol Neuroinflamm (2017) 4(4):e360. doi: 10.1212/NXI.0000000000000360

28. Moser, T, Akgün, K, Proschmann, U, Sellner, J, and Ziemssen, T. The Role of TH17 Cells in Multiple Sclerosis: Therapeutic Implications. Autoimmun Rev (2020) 19(10):102647. doi: 10.1016/j.autrev.2020.102647

29. Leist, TP, Comi, G, Cree, BA, Coyle, PK, Freedman, MS, Hartung, HP, et al. Effect of Oral Cladribine on Time to Conversion to Clinically Definite Multiple Sclerosis in Patients With a First Demyelinating Event (ORACLE MS): A Phase 3 Randomised Trial. Lancet Neurol (2014) 13(3):257–67. doi: 10.1016/S1474-4422(14)70005-5

30. Șerban, GM, Mănescu, IB, Manu, DR, and Dobreanu, M. Optimization of a Density Gradient Centrifugation Protocol for Isolation of Peripheral Blood Mononuclear Cells. Acta Med Marisiensis (2018) 64(2):83–90. doi: 10.2478/amma-2018-0011

31. Korsen, M, Bragado Alonso, S, Peix, L, Bröker, BM, and Dressel, A. Cladribine Exposure Results in a Sustained Modulation of the Cytokine Response in Human Peripheral Blood Mononuclear Cells. PloS One (2015) 10(6):e0129182. doi: 10.1371/journal.pone.0129182

32. Segal, BM. The Diversity of Encephalitogenic CD4+ T Cells in Multiple Sclerosis and Its Animal Models. J Clin Med (2019) 8(1):120. doi: 10.3390/jcm8010120

33. Fergusson, JR, Fleming, VM, and Klenerman, P. CD161-Expressing Human T Cells. Front Immunol (2011) 2:36. doi: 10.3389/fimmu.2011.00036

34. Lock, C, Hermans, G, Pedotti, R, Brendolan, A, Schadt, E, Garren, H, et al. Gene-Microarray Analysis of Multiple Sclerosis Lesions Yields New Targets Validated in Autoimmune Encephalomyelitis. Nat Med (2002) 8(5):500–8. doi: 10.1038/nm0502-500

35. Tzartos, JS, Friese, MA, Craner, MJ, Palace, J, Newcombe, J, Esiri, MM, et al. Interleukin-17 Production in Central Nervous System-Infiltrating T Cells and Glial Cells Is Associated With Active Disease in Multiple Sclerosis. Am J Pathol (2008) 172(1):146–55. doi: 10.2353/ajpath.2008.070690

36. Groom, JR, and Luster, AD. CXCR3 in T Cell Function. Exp Cell Res (2011) 317(5):620–31. doi: 10.1016/j.yexcr.2010.12.017

37. Restorick, SM, Durant, L, Kalra, S, Hassan-Smith, G, Rathbone, E, Douglas, MR, et al. CCR6+ Th Cells in the Cerebrospinal Fluid of Persons With Multiple Sclerosis are Dominated by Pathogenic Non-Classic Th1 Cells and GM-CSF-Only-Secreting Th Cells. Brain Behav Immun (2017) 64:71–9. doi: 10.1016/j.bbi.2017.03.008

38. Lee, AYS, and Körner, H. The CCR6-CCL20 Axis in Humoral Immunity and T-B Cell Immunobiology. Immunobiology (2019) 224(3):449–54. doi: 10.1016/j.imbio.2019.01.005

39. Ross, SH, and Cantrell, DA. Signaling and Function of Interleukin-2 in T Lymphocytes. Annu Rev Immunol (2018) 36:411–33. doi: 10.1146/annurev-immunol-042617-053352

40. Acquaviva, M, Bassani, C, Sarno, N, Dalla Costa, G, Romeo, M, Sangalli, F, et al. Loss of Circulating CD8+ CD161high T Cells in Primary Progressive Multiple Sclerosis. Front Immunol (2019) 10:1922. doi: 10.3389/fimmu.2019.01922

41. Hinks, TSC, and Zhang, XW. MAIT Cell Activation and Functions. Front Immunol (2020) 11:1014. doi: 10.3389/fimmu.2020.01014

42. Giovannoni, G, Soelberg Sorensen, P, Cook, S, Rammohan, K, Rieckmann, P, Comi, G, et al. Safety and Efficacy of Cladribine Tablets in Patients With Relapsing Remitting Multiple Sclerosis: Results From the Randomized Extension Trial of the CLARITY Study. Mult Scler (2018) 24:1594–604. doi: 10.1177/1352458517727603

43. Giovannoni, G, Comi, G, Cook, S, Rammohan, K, Rieckmann, P, Soelberg Sørensen, P, et al. CLARITY Study Group. A Placebo-Controlled Trial of Oral Cladribine for Relapsing Multiple Sclerosis. N Engl J Med (2010) 362(5):416–26. doi: 10.1056/NEJMoa0902533

44. Thompson, AJ, Baranzini, SE, Geurts, J, Hemmer, B, and Ciccarelli, O. Multiple Sclerosis. Lancet (2018) 391(10130):1622–36. doi: 10.1016/S0140-6736(18)30481-1

45. Montalban, X, Leist, TP, Cohen, BA, Moses, H, Campbell, J, Hicking, C, et al. Cladribine Tablets Added to IFN-β in Active Relapsing MS: The ONWARD Study. Neurol Neuroimmunol Neuroinflamm (2018) 5(5):e477. doi: 10.1212/NXI.0000000000000477

46. Cook, S, Leist, T, Comi, G, Montalban, X, Giovannoni, G, Nolting, A, et al. Safety of Cladribine Tablets in the Treatment of Patients With Multiple Sclerosis: An Integrated Analysis. Mult Scler Relat Disord (2019) 29:157–67. doi: 10.1016/j.msard.2018.11.021

47. Patti, F, Visconti, A, Capacchione, A, Roy, S, Trojano, M, and CLARINET-MS Study Group. Long-Term Effectiveness in Patients Previously Treated With Cladribine Tablets: A Real-World Analysis of the Italian Multiple Sclerosis Registry (CLARINET-Ms). Ther Adv Neurol Disord (2020) 13:1756286420922685. doi: 10.1177/1756286420922685

48. Lizak, N, Hodgkinson, S, Butler, E, Lechner-Scott, J, Slee, M, McCombe, PA, et al. Real-World Effectiveness of Cladribine for Australian Patients With Multiple Sclerosis: An MSBase Registry Substudy. Mult Scler (2021) 27(3):465–74. doi: 10.1177/1352458520921087

49. Moccia, M, Lanzillo, R, Petruzzo, M, Nozzolillo, A, De Angelis, M, Carotenuto, A, et al. Single-Center 8-Years Clinical Follow-Up of Cladribine-Treated Patients From Phase 2 and 3 Trials. Front Neurol (2020) 11:489. doi: 10.3389/fneur.2020.00489

50. Miravalle, AA, Katz, J, Robertson, D, Hayward, B, Harlow, DE, Lebson, LA, et al. CLICK-MS and MASTER-2 Phase IV Trial Design: Cladribine Tablets in Suboptimally Controlled Relapsing Multiple Sclerosis. Neurodegener Dis Manage (2021) 11(2):99–111. doi: 10.2217/nmt-2020-0059

51. Signori, A, Saccà, F, Lanzillo, R, Maniscalco, GT, Signoriello, E, Repice, AM, et al. Cladribine vs Other Drugs in MS: Merging Randomized Trial With Real-Life Data. Neurol Neuroimmunol Neuroinflamm (2020) 7(6):e878. doi: 10.1212/NXI.0000000000000878

52. Kalincik, T, Jokubaitis, V, Spelman, T, Horakova, D, Havrdova, E, Trojano, M, et al. MSBase Study Group. Cladribine Versus Fingolimod, Natalizumab and Interferon β for Multiple Sclerosis. Mult Scler (2018) 24(12):1617–26. doi: 10.1177/1352458517728812

53. Bartosik-Psujek, H, Kaczyński, Ł, Górecka, M, Rolka, M, Wójcik, R, Zięba, P, et al. Cladribine Tablets Versus Other Disease-Modifying Oral Drugs in Achieving No Evidence of Disease Activity (NEDA) in Multiple Sclerosis-A Systematic Review and Network Meta-Analysis. Mult Scler Relat Disord (2021) 49:102769. doi: 10.1016/j.msard.2021.102769

54. Siddiqui, MK, Khurana, IS, Budhia, S, Hettle, R, Harty, G, and Wong, SL. Systematic Literature Review and Network Meta-Analysis of Cladribine Tablets Versus Alternative Disease-Modifying Treatments for Relapsing-Remitting Multiple Sclerosis. Curr Med Res Opin (2018) 34(8):1361–71. doi: 10.1080/03007995.2017.1407303

55. Pfeuffer, S, Rolfes, L, Hackert, J, Kleinschnitz, K, Ruck, T, Wiendl, H, et al. Effectiveness and Safety of Cladribine in MS: Real-World Experience From Two Tertiary Centres. Mult Scler (2021) 12:13524585211012227. doi: 10.1177/13524585211012227

56. Zanghì, A, Gallo, A, Avolio, C, Capuano, R, Lucchini, M, Petracca, M, et al. Exit Strategies in Natalizumab-Treated RRMS at High Risk of Progressive Multifocal Leukoencephalopathy: A Multicentre Comparison Study. Neurotherapeutics (2021) 18(2):1166–74. doi: 10.1007/s13311-021-01037-2

57. Olsen, I, and Sollid, LM. Pitfalls in Determining the Cytokine Profile of Human T Cells. J Immunol Methods (2013) 390(1-2):106–12. doi: 10.1016/j.jim.2013.01.015

58. Moser, T, Schwenker, K, Seiberl, M, Feige, J, Akgun, K, Haschke-Becher, E, et al. Long-Term Peripheral Immune Cell Profiling Reveals Further Targets of Oral Cladribine in MS. Ann Clin Transl Neurol (2020) 7(11):2199–212. doi: 10.1002/acn3.51206

59. Stuve, O, Soelberg Soerensen, P, Leist, T, Giovannoni, G, Hyvert, Y, Damian, D, et al. Effects of Cladribine Tablets on Lymphocyte Subsets in Patients With Multiple Sclerosis: An Extended Analysis of Surface Markers. Ther Adv Neurol Disord (2019) 12:1756286419854986. doi: 10.1177/1756286419854986

60. Voo, VTF, Butzkueven, H, Stankovich, J, O’Brien, T, and Monif, M. The Development and Impact of Cladribine on Lymphoid and Myeloid Cells in Multiple Sclerosis. Mult Scler Relat Disord (2021) 52:102962. doi: 10.1016/j.msard.2021.102962

61. Comi, G, Cook, S, Giovannoni, G, Rieckmann, P, Sørensen, PS, Vermersch, P, et al. Effect of Cladribine Tablets on Lymphocyte Reduction and Repopulation Dynamics in Patients With Relapsing Multiple Sclerosis. Mult Scler Relat Disord (2019) 29:168–74. doi: 10.1016/j.msard.2019.01.038

62. Balasa, R, Barcutean, L, Balasa, A, Motataianu, A, Roman-Filip, C, and Manu, D. The Action of TH17 Cells on Blood Brain Barrier in Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis. Hum Immunol (2020) 81(5):237–43. doi: 10.1016/j.humimm.2020.02.009




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


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

Copyright © 2021 Dobreanu, Manu, Mănescu, Gabor, Huţanu, Bărcuţean and Bălaşa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 16 December 2021

doi: 10.3389/fimmu.2021.778204

[image: image2]


Soluble Receptor Isoform of IFN-Beta (sIFNAR2) in Multiple Sclerosis Patients and Their Association With the Clinical Response to IFN-Beta Treatment


Pablo Aliaga-Gaspar 1,2†, Isaac Hurtado-Guerrero 1,3†, Nicolas Lundahl Ciano-Petersen 1,4, Patricia Urbaneja 1,4, Isabel Brichette-Mieg 1, Virginia Reyes 1,4, Jose Luis Rodriguez-Bada 1, Roberto Alvarez-Lafuente 5,6, Rafael Arroyo 7, Ester Quintana 6,8, Lluis Ramió-Torrentà 6,8,9,10, Ana Alonso 1,4, Laura Leyva 1,6, Oscar Fernández 11*‡ and Begoña Oliver-Martos 1,4,6,12*‡


1 Neuroimmunology and Neuroinflammation Group, Instituto de Investigación Biomédica de Málaga (IBIMA), Unidad de Gestión Clínica (UGC) Neurociencias, Hospital Regional Universitario de Málaga, Málaga, Spain, 2  Facultad de Medicina, Universidad de Málaga, Málaga, Spain, 3 Neuroinflammation Unit, Biotech Research and Innovation Centre (BRIC), Faculty of Health and Medical Sciences, Copenhagen Biocentre, University of Copenhagen, Copenhagen, Denmark, 4 Red Andaluza de Investigación Clínica y Traslacional en Neurología (Neuro-Reca), Málaga, Spain, 5 Grupo de Investigación de Factores Ambientales en Enfermedades Degenerativas, Instituto de Investigación Sanitaria del Hospital Clínico San Carlos (IdISSC), Madrid, Spain, 6 Red Española de Esclerosis Múltiple (REEM), Madrid, Spain, 7 Servicio de Neurología, Hospital Universitario Quirónsalud, Madrid, Spain, 8 Servicio de Neurología, Hospital Universitari de Girona Doctor Josep Trueta, Girona, Spain, 9 Girona Biomedical Research Institute (IDIBGI), Girona, Spain, 10 Medical Sciences Department, University of Girona, Girona, Spain, 11 Departmento de Farmacología, Facultad de Medicina, Universidad de Málaga, Málaga, Spain, 12 Departamento de Biología Celular, Genética y Fisiología, Área de Fisiología, Facultad de Ciencias, Universidad de Málaga, Málaga, Spain




Edited by: 

Roberta Magliozzi, University of Verona, Italy

Reviewed by: 

Wakiro Sato, National Center of Neurology and Psychiatry (Japan), Japan

Andreia Barroso, IQVIA (Brazil), Brazil

Martina Severa, National Institute of Health (ISS), Italy

*Correspondence: 
Begoña Oliver-Martos
 begoliver@gmail.com

Oscar Fernández
oscar.fernandez.sspa@gmail.com


†These authors share first authorship

‡These authors share last authorship

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


Received: 16 September 2021

Accepted: 29 November 2021

Published: 16 December 2021

Citation:
Aliaga-Gaspar P, Hurtado-Guerrero I, Ciano-Petersen NL, Urbaneja P, Brichette-Mieg I, Reyes V, Rodriguez-Bada JL, Alvarez-Lafuente R, Arroyo R, Quintana E, Ramió-Torrentà L, Alonso A, Leyva L, Fernández O and Oliver-Martos B (2021) Soluble Receptor Isoform of IFN-Beta (sIFNAR2) in Multiple Sclerosis Patients and Their Association With the Clinical Response to IFN-Beta Treatment. Front. Immunol. 12:778204. doi: 10.3389/fimmu.2021.778204




Purpose

Interferon beta receptor 2 subunit (IFNAR2) can be produced as a transmembrane protein, but also as a soluble form (sIFNAR2) generated by alternative splicing or proteolytic cleavage, which has both agonist and antagonist activities for IFN-β. However, its role regarding the clinical response to IFN-β for relapsing-remitting multiple sclerosis (RRMS) is unknown. We aim to evaluate the in vitro short-term effects and after 6 and 12 months of IFN-β therapy on sIFNAR2 production and their association with the clinical response in MS patients.



Methods

Ninety-four RRMS patients were included and evaluated at baseline, 6 and 12 months from treatment onset. A subset of 41 patients were classified as responders and non-responders to IFN-β therapy. sIFNAR2 serum levels were measured by ELISA. mRNA expression for IFNAR1, IFNAR2 splice variants, MxA and proteases were assessed by RT-PCR. The short-term effect was evaluated in PBMC from RRMS patients after IFN-β stimulation in vitro.



Results

Protein and mRNA levels of sIFNAR2 increased after IFN-β treatment. According to the clinical response, only non-responders increased sIFNAR2 significantly at both protein and mRNA levels. sIFNAR2 gene expression correlated with the transmembrane isoform expression and was 2.3-fold higher. While MxA gene expression increased significantly after treatment, IFNAR1 and IFNAR2 only slightly increased. After short-term IFN-β in vitro induction of PBMC, 6/7 patients increased the sIFNAR2 expression.



Conclusions

IFN-β administration induces the production of sIFNAR2 in RRMS and higher levels might be associated to the reduction of therapeutic response. Thus, levels of sIFNAR2 could be monitored to optimize an effective response to IFN-β therapy.
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Introduction

Multiple sclerosis (MS) is the most prevalent chronic inflammatory autoimmune disease of the central nervous system, with a complex pathophysiology characterized by inflammation, demyelination, and axonal degeneration. Although in the last two decades the approval of several disease-modifying therapies have revolutionized the management of MS (1), IFN-β is still used as a first line therapeutic option because of benefit/risk profile and cost. A wide range of immunomodulatory effects have been associated to IFN-β, being able to reduce the antigen presentation, inhibit the proliferation of T cells, and shift cytokine production (2). However, despite the fact that this drug has been used for more than 25 years, its mechanism of action is not completely understood. It has been estimated that 20 to 50% of patients are non-responsive to the treatment (3), highlighting the need for biomarkers to predict treatment response.

Cytokine receptors are usually expressed by cells as transmembrane proteins, however, most of them are also secreted in soluble forms and can be detected in different human body fluids including the blood, the tears, the cerebrospinal fluid or the urine (4, 5). The generation of soluble receptors is an important mechanism by which the biological activity of cytokines is modulated due to their ability to bind them, acting as antagonists or agonists (6, 7), so that they can be used for therapeutic purposes (4).

There are two main mechanisms to generate soluble receptors: alternative splicing at the gene level and proteolytic cleavage at the protein level (8). On the one hand, alternative splicing is a mechanism to regulate gene expression that allows a single gene to code for multiple proteins isoforms and occurs in up to 94% of human genes (9). For instance, some isoforms of cytokine receptors generated by alternative splicing may lose the extracellular domain, which is subsequently secreted to the bloodstream (10). On the other hand, proteolytic cleavage of receptors on the cell surface is accomplished by a family of specialized enzymes called proteases, which result in the excision of the extracellular domain and its release into the bloodstream (11). Probably, the most important proteases in immunity and inflammation are metalloproteases of the ADAM family, notably ADAM17 (12, 13).

IFN-β is a cytokine that exerts its biological activity thought interaction with its cell surface receptor (IFNAR), which is composed of two functional subunits: IFNAR1 and IFNAR2, and the subsequent activation of the JAK-STAT signaling pathway (14). The IFNAR2 subunit has a soluble isoform (sIFNAR2) that can be generated by alternative splicing of the human IFNAR2 gene giving a transcript that lacks the transmembrane and cytoplasmic domain that was cloned in human and mouse (15, 16). Besides, the IFNAR2 subunit can be cleaved by specific proteases such as TNF-alpha converting enzyme (known as TACE or ADAMS) that releases the extracellular domain (17), as well as by presenilins (PSEN) that release the intracellular domain (18). As a result of both mechanisms, sIFNAR2 can be detected in body fluids (19) and has been found to be expressed at levels 10-fold higher than the transmembrane IFNAR2 transcripts in most mouse tissues (20).

Although type I interferon responses and their regulation are widely described in autoimmune diseases, including MS, the presence and action of the sIFNAR2 has not been explored, despite its ability of binding endogenous and exogenous IFN-β and modulating their activity (20–22). This capacity of modulate the IFN-β activity and its accessibility in serum makes sIFNAR2 an attractive target molecule to be considered in MS, due to the key role of endogenous IFN-β in the pathophysiology of MS and even more if we consider the use of exogenous IFN-β as a treatment. Accordingly, we previously demonstrated that untreated-MS patients had lower sIFNAR2 levels than healthy controls, patients with other inflammatory neurological diseases and MS patients treated with IFN-β, highlighting its value as a diagnostic biomarker for MS. Moreover, we proved that patients treated with IFN-β have higher circulating levels of sIFNAR2, in contrast to those treated with Glatiramer Acetate (GA) or Natalizumab (23).

Our aim was to assess the in vitro short-term effects and after 6 and 12 months of IFN-β treatment on the circulating sIFNAR2 levels and on the gene expression of the different IFNAR2 splice variants in MS patients, as well as their relation with the therapeutic response to IFN-β.



Material and Methods


Participant Centers and Subjects

Fifty-nine RRMS patients, defined according to the revised McDonald criteria (24) were recruited from the MS Unit at Malaga Regional Hospital (Malaga, Spain), before to start IFN-β treatment, and were followed at 6 and 12 months after IFN-β treatment onset (Cohort 1). Forty-one of them whose data of relapses, EDSS progression and MRI activity were available, were classified after one year of treatment as responders (R) or non-responders (NR) according to the Rio Score (25). Nineteen patients (46.35%) were considered non-responders according to the occurrence of two or three positive variables during the first year of therapy (at least one relapse during the first year of therapy; an increase of at least one point in the EDSS score during the first year of therapy (confirmed at 6 months); three or more active lesions (either new or enlarging T2 lesions compared to baseline MRI scan or gadolinium-enhancing lesions) on the MRI performed after 1 year of therapy); the remaining twenty-two (53.65%) were considered responders.

An independent cohort including 25 MS patients from Dr. Josep Trueta University Hospital, Girona (Spain) and 10 MS patients from Hospital San Carlos, Madrid (Spain) was also analyzed at baseline and at 6 and 12 months after treatment onset for validation of the results (Cohort 2).

All participants in the study gave informed consent and the protocols were approved by the institutional ethical committee (Comité de Ética de la Investigación Málaga Nordeste. Project identification: DTS1800045).

Table 1


Table 1 | Clinical and demographic data.





Sample Collection

For serum determinations, 3 ml of peripheral blood were collected in serum-separating tubes basally and after 6 and 12 months of treatment onset. For gene expression studies, peripheral blood samples were collected in EDTA tubes, only in patients from cohort 1. In all cases, the time elapsed between the administration of IFN-β and sampling was of at least 24 hours.

Samples were processed following standard procedures and frozen immediately after reception by the Malaga Hospital-IBIMA Biobank, as part of Andalusian Public Health System Biobank. PBMC were isolated using a ficoll-hypaque gradient, as described in the supplier’s protocol (ICN Biomedicals Inc.). After that, cells were cryopreserved in RPMI-1640- 10% DMSO until use for RNA extraction.



Quantification of Soluble IFNAR2 by ELISA

sIFNAR2 levels were quantified with an ELISA previously developed and validated in our laboratory (26). First, a recombinant sIFNAR2 protein was cloned, expressed and purified and then used as standard curve in the ELISA (23, 26). Briefly, the plates were coated with 0.2-μg rabbit polyclonal anti-human IFNAR2 antibody (Abnova) overnight. After washing, the wells were blocked with a casein blocking buffer [2 hours, room temperature (RT)]. Then, 50 μL of each point of the standard curve or serum samples (diluted in half) were added to the wells in duplicate, and incubated for 1 hour. Mouse polyclonal anti-human IFNAR2 antibody (1 μg/mL in assay buffer; Abnova) was added and incubated (1 hour, RT). After washing again, 50-μL horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (H+L) adsorbed against human immunoglobulins was added and incubated (1 hour, RT). After three additional washes, 100 μL/well 3,3′,5,5′-tetramethylbenzidine (TMB) One Component HRP Microwell Substrate was added and incubated (10–15 minutes in the dark). Color development was done by adding 50 μL/well 1 N H2SO4. Optical density (OD) was measured at 450 nm in a VersaMax™ ELISA Microplate Reader (Molecular Devices)

Sample analysis. Each assay included a standard curve, two quality controls, and a negative control. sIFNAR2 concentration was calculated by OD interpolation from the samples and controls in the standard curve, that was established using a four-parameter curve fitting model by the SoftMax® Pro Software (Molecular Devices). Sample measurement was considered acceptable if the intra and inter assay coefficients of variation (CV) were <10% and <20% respectively (27). Here, the average of the intra and inter-assay CV was 3.6% and 13%, respectively.



Isolation of RNA and Quantitative Reverse Transcriptase-PCR

Total RNA was isolated from PBMC fromMS patients following the instructions of Aurum Total RNA Mini KIT (BioRad). RNA concentration and purity were analyzed in a NanoDrop 2000 Spectrophotometer. Total RNA (500 ng) was reverse‐transcribed using the M-MLV retrotranscriptase (Sigma). Samples were run in the same reaction, and the resulting cDNA was controlled for purity and transcription efficiency on the NanoDrop.

RT² qPCR Primer Assay for Human IFNAR1, IFNAR2, MxA and PSEN 1 and 2 from Qiagen were used. Primers for ADAM17 and sIFNAR2 were designed with Primer3 (http://frodo.wi.mit.edu/primer3) and ordered to Isogen Life Science (Supplementary Table 1). For sIFNAR2 the design was carried out by taking into account that this isoform is the product of an alternative splicing, therefore, the primers must hybridize in a specific region, so that the resulting amplified product is exclusive to this isoform (Supplementary Figure 1). RT‐qPCR was performed in duplicate using iTaq Universal SYBR Green SMX (BioRad), and was run on a 7500 Fast Real‐Time PCR System (Applied Biosystems). Relative expressions of genes were analysed by comparison of ΔΔCt values using GAPDH as raeference gene. MIQE Guidelines were considered for real time experiments (28).



Quantification of IFN-β in Serum by Luminex

IFN-β serum levels were assessed basally and after treatment using a customized Procartaplex Immunoassay (Thermo Fisher). 25 µL per well of antibody coupled beads and 50 µL per well of diluted patient serum were added into a 96 well plate and incubated overnight at 4°C. Each assay included a standard curve and all samples were performed in duplicate. Plates were processed following manufacturers’ instructions and then read with a Bio-Plex® 200 system (Bio-Rad). The data obtained were processed with the Bioplex Manager 6.0 software (Bio-Rad) using a five-parameter curve fitting algorithm to analyse them.



Neutralizing Antibodies (NABs) Against IFN Beta by Cytopathic Effect Test (CPE Test)

Sera of IFNβ-treated patients were tested for the presence of NAbs against the three commercial forms of IFN-β (IFN-β 1a (Avonex, Biogen, Inc.), IFN-β 1b (Betaferon, Bayer Pharma AG) or IFN-β 1a (Rebif, Merck Serono Ltd) by a calibrated antiviral CPE test, as previously described by 29. Briefly, A549 cells were seeded in 96 well plates in 100 μl of DMEM medium supplemented with 2% FCS. After 24 h, serial dilutions of the patient sera were incubated for 1 h with IFN-β, and without IFN-β to control the presence of endogenous IFN-β in the patient serum. These dilutions were added to the A549 cell culture, seeded the day before. Each plate included a viral control which did not contain IFN-β, a cell control which did not contain virus, and a standard of IFN-β. After 24 h incubation, cells were infected with Encephalomyocarditis virus (EMCV) (except for the cell control). Twenty-four hours later, the cells were stained with crystal violet and the absorbance was read at 630 lambdas in a spectrophotometer. The neutralization titre was calculated according to 30 and expressed in 10-fold reduction units per millilitre (TRU/mL). Titres ≥20 TRU/mL were considered as positive.



Cell Cultures in the Presence of Recombinant IFN-β

PBMC isolated from 7 randomly untreated MS patients were thawed and suspended (1x106 cells mL-1) in pre-warmed RPMI-1640 medium, supplemented with 2 mM l-glutamine (MP Biomedicals, Irvine, CA, USA), 10% Fetal Bovine Serum (FBS) and 0.032 mg mL-1 gentamicin (Normon). Cells were washed by centrifugation and resuspended in RPMI-1640 complete medium with 2% FBS.

To evaluate the ability of recombinant IFN-β to induce the production of sIFNAR2, the cells were stimulated with 20 units/mL of IFN-β (Avonex) during 8 and 24 hours. A non-stimulated control was included each time. After that, the cells were collected for RNA extraction and cDNA conversion, as explained above. sIFNAR2, IFNAR2 and MxA were measured by real time PCR. MxA was considered as positive control since it is well known that its expression is clearly induced after IFN-β stimulation (31).



Statistical Analysis

As a non-normal distribution was established in the Kolmogorov–Smirnov test, non-parametric tests were used for comparison between groups. The results are expressed as median and interquartile ranges.

For each comparison, all groups were assigned equal sample sizes. The samples were not randomized, and untreated and treated samples were run in parallel in order to minimize the inter-assay variation. Wilcoxon Rank test (related samples analysis) was used to compare the variables (sIFNAR2, IFN-β and the gene expression of IFNAR1, IFNAR2 sIFNAR2, MxA and PSEN 1 and 2) before and after treatment.

To analyze the association or interdependence between the gene expression of IFN-β subunits and MxA, and between gene expression and protein levels, Spearman’s Rho correlation analysis was used. Statistical significance was set at p <0.05. Figures have been created with GraphPad Prism5 Software. In vitro results were represented using log10 for normalizing the data.




Results


Serum Levels of Soluble IFNAR2 Increase With Long IFN-β Treatment

In the cohort 1, the first step was the confirmation that IFN-β treated patients increased circulating levels of IFN-β compared to the levels before the treatment onset (p=0.001) (Figure 1). Also, it was demonstrated that all the patients included were negative for NABs against the molecule of the IFN-β that were receiving.




Figure 1 | IFN-β levels and longitudinal assessment of serum sIFNAR2 levels in MS patients. (A) Serum IFN-β levels measured in MS patients basally and after IFN-β therapy onset (N=59). Significant p-value is shown with asterisk. (B) Graphs comparing serum sIFNAR2 levels at baseline and after 6 and 12 months of IFN-β therapy onset in two independent cohorts (Cohort 1 N=59, Cohort 2 N=35). Each point represents an individual, and horizontal bars indicate the median values and interquartile ranges. Significant p-values are shown with asterisk.



Regarding sIFNAR2, we found increased levels at 6- and 12-months follow-up after IFN-β exposure compared to baseline levels, with significant differences at 6 months (p=0.008). This increase of sIFNAR2 levels was replicated in the cohort 2, being statistically significant at 6 months (p=0.0001) and at 12 months (p=0.0001).

Considering all the patients, serum sIFNAR2 levels were increased in 70.4% of the patients at 6 months of treatment and remained increased at 12 months in 60.3% of them. In Supplementary Figure 2 the ΔsIFNAR2 has been represented for each patient.

Figure 1, Table 2


Table 2 | Serum sIFNAR2 levels in MS patients.





Serum Levels of Soluble IFNAR2 According to the IFN-β Response

Patients from cohort 1 whose data was available, were classified as responders (N=22) and non-responders (N=19) according to the Rio Score (25). In the follow-up study, responders maintained stable serum sIFNAR2 levels, however, non-responder patients showed a significant increase after 6 months of treatment (p=0.018), returning to baseline levels at 12 months.

Figure 2, Table 3




Figure 2 | Longitudinal assessment of serum sIFNAR2 levels in responder and non-responder patients. Graphs comparing serum sIFNAR2 levels at baseline and after 6 and 12 months of IFN-β therapy onset in responder (N=22) and non-responder patients (N=19). Each point represents an individual, and horizontal bars indicate the median values and interquartile ranges. Significant p-values are shown with asterisk.




Table 3 | Serum sIFNAR2 levels in MS patients according to IFN beta response.





sIFNAR2 Gene Expression Increases With IFN- β Treatment

Forty-one MS patients from cohort 1, who had available PBMC samples at baseline and after 6 of months of treatment onset, were included for the gene expression study of IFNAR1, the transmembrane and soluble transcripts of IFNAR2, and MxA gene. Although there was an increase in IFNAR1 and IFNAR2 gene expression after IFN-β treatment, those changes did not reach statistical significance. However, the expression of sIFNAR2 transcript and MxA gene were significantly increased after IFN-β treatment (p=0.017 and p<0.001 respectively).

Figure 3




Figure 3 | Longitudinal assessment of IFNAR1, IFNAR2, sIFNAR2 and MxA gene expression. RNA relative expression of IFNAR1, IFNAR2, sIFNAR2 and MxA in PBMC from MS patients before and after 6 months of IFN-β therapy onset (N=41), assessed by real time-PCR using GAPDH as raeference gene. Significant p-values are shown with asterisk.





IFNAR2 Splice Variants Under IFN-β Treatment

Transmembrane IFNAR2 and sIFNAR2 are products of an alternative splicing of IFNAR2 gene. The primer design carried out allowed the quantification of both splice variants independently. A strong positive correlation between the gene expression levels of IFNAR2 and sIFNAR2 before (r=0.636 p< 0.001) and after the IFN-β treatment (r=0.749 p<0.001) was observed.

Interestingly, the expression of sIFNAR2 was significantly greater compared to the transmembrane isoform before (1.35 vs 3.17; p<0.001) and after IFN-β treatment (1.65 vs 4.98 p<0.001).

Figure 4




Figure 4 | IFNAR2 splice variants under IFN-β treatment. (A) Correlation analysis between the transmembrane (IFNAR2) and soluble (sIFNAR2) transcripts before (r=0.636 p< 0.001) and after 6 months of IFN-β therapy onset (r=0.749 p<0.001). (B) Comparison of the relative expression of IFNAR2 versus sIFNAR2 before and after 6 months of IFN-β therapy onset, using GAPDH as a raeference gene (N=41). Significant p-values are shown with asterisk.





IFNAR2 Splice Variants According to the IFN-β Response

The gene expression data of IFNAR1, IFNAR2, sIFNAR2 and MxA have been represented using a heat map (Figure 5). Comparison between responders and non-responders, showed no differences in the expression of any of the genes at baseline and after 6 months of therapy (A). The comparison between baseline and that after 6-month of therapy in both groups of patients (B) showed an increase more accentuated in responders after treatment, but there were not statistical differences in IFNAR1 and IFNAR2 gene expression. However, MxA expression increased significantly after treatment independently of the therapeutic response (p<0.001 and p=0.006, in responders and non-responders, respectively) and sIFNAR2 also increased in both groups of patients although significance was reached only in non-responders (p=0.020).

Figure 5




Figure 5 | Longitudinal assessment of IFNAR1, IFNAR2, sIFNAR2 and MxA gene expression in responder and non-responder patients. (A) Heat map representing the gene expression data of IFNAR1, IFNAR2, sIFNAR2, and MxA between responder and non-responder patients, at baseline and 6 months after the onset of IFN-β therapy. Unchanged proteins are displayed in black, up-regulated proteins are displayed in green while the down-regulated proteins are depicted in red. (B) Bar chart representing the gene expression for responders (N=22) and non-responders (N=19) using GAPDH as raeference gene. Significant p-values are shown with asterisk.





Induction of Proteases by IFN-β

In order to evaluate the ability of IFN-β to induce the expression of proteases that have been described to cleave the transmembrane IFNAR2 subunit, the expression of ADAM17 and PSEN 1 and 2 have been measured at baseline and after 6 months of IFN-β therapy in patients of cohort 1. There was no increase in the expression of ADAM17 and PSEN 2 after treatment, however there was a significant increase in the expression of PSEN 1 (p=0.041).

Figure 6




Figure 6 | Longitudinal assessment of PSEN1, PSEN2, and ADAM17 gene expression. RNA relative expression of PSEN1, PSEN2, and ADAM17 in PBMC from MS patients before and after 6 months of IFN-β treatment onset (N=41), assessed by real time-PCR using GAPDH as raeference gene. Significant p-values are shown with an asterisk. Logarithms are used to normalize and scale data for representation.





sIFNAR2 Gene Expression Increases After Short-Term IFN-β Induction In Vitro

PBMC isolated from seven untreated MS patients were cultured to demonstrate the short-term induction of sIFNAR2 by IFN-β. MxA was also measured as positive control since it is well known to be induced by IFN-β (31). As expected, its expression was significantly increased after 8 hours of IFN-β induction (p=0.043). There was no change in the expression of sIFNAR2 after 8 hours of IFN-β induction, however all patients increased their sIFNAR2 expression after 24 h of induction (p=0.043), with the exception of one of them.

Figure 7




Figure 7 | In vitro study of IFNAR1, IFNAR2, sIFNAR2 and MxA gene expression. Representation of RNA relative expression of IFNAR1, IFNAR2, sIFNAR2 and MxA in PBMC from untreated MS patients cultured with or without IFN-β stimulus (N=7) during 8 and 24 hours. (A) sIFNAR2 expression in PBMC from each patient after 24 hours of culture in the presence or in the absence of IFN-β. (B) Boxplots comparing sIFNAR2 and MxA expression in unstimulated PBMC and IFN-β-stimulated PBMC during 8 and 24 hours of culture. Significant p values are marked with an asterisk. Logarithms are used to normalize and scale data for representation.






Discussion

The treatment landscape has changed in MS over the past two decades and, currently, many drugs are approved for RRMS (32). Most of the recent drugs target specific molecules as a result of a better knowledge of the pathophysiology of the disease and have a rational drug design. However, IFN-β preparations have no clearly defined mechanisms of action despite being the first approved drug by the US Food and Drug Administration (FDA) for the treatment of MS in 1993, and continue being a first line treatment for MS. IFN-β plays an important role in the regulation of the immune system and has a wide range of immunomodulatory effects, but how these effects translate into the beneficial therapeutic effect in MS is still not understood. However, IFN-β can also have adverse effects (injection site reactions, nausea, headaches, fever, leukopenia, and other more serious although rare) (33); therefore, biomarkers to predict treatment response could avoid these undesirable side effects in patients that may not benefit of the treatment. Alternative splicing is a mechanism for regulating gene expression that allows a single gene to code for multiple protein isoforms. It occurs in up to 94% of human genes and the isoforms generated may have related, distinct or even opposing functions (9). Many relevant genes of the immune system have been shown to undergo alternative splicing, although the knowledge of how this mechanism may regulate the immune system are still limited (7). Nevertheless, an altered RNA of genes mediating immune signaling pathways has been repeatedly implicated in MS pathogenesis (34).

sIFNAR2 is able to bind circulating IFN-β and modulate its activity, as it may have agonist or antagonist properties (20). However, its role in the immune system is mostly unknown, despite that the human form was first cloned in 1995 (15). Therefore, we cloned a recombinant form analogous to human soluble IFNAR2 and recently demonstrated that it exerts antiviral, immunomodulatory and antiproliferative activities without IFN-β mediation (35). Regarding the native form, we developed an ELISA to detect sIFNAR2 in serum that was analytically validated (26). This ELISA uses a double antigen recognition and detects sIFNAR2 generated by both mechanisms, alternative splicing and proteolysis (26). Moreover, we observed that sIFNAR2 increased significantly in IFN-β-treated patients during the first year of therapy, in contrast to GA and natalizumab-treated patients (23). Herein, we assessed in depth the ability of IFN-β treatment to induce the production of sIFNAR2 and its potential relationship with the heterogeneity of the clinical response in MS patients treated with IFN-β.

First, we analyzed the sIFNAR2 serum levels in a follow up study of two independent cohorts of MS patients and observed an increase of sIFNAR2 levels after 6 months of IFN-β administration in both cohorts. As aforementioned, IFN-β is able to bind either their membrane-bound receptors or their soluble counterparts (20), consequently, the action of the IFN-β could ultimately depend on the relative abundance of each isoform. Although there are soluble receptors that enhance the effect of their ligand, the majority of the known soluble cytokine receptors has antagonistic functions (4), which could explain that non-responder patients increased significantly sIFNAR2 levels at 6 months, in contrast to responder patients, who showed a non-significant increase. Interestingly, a study published in 1999 suggested that high serum levels of soluble sIFNAR2 suppressed the effectiveness of IFN therapy in patients with chronic hepatitis C (36). Both studies suggest an antagonist effect of sIFNAR2 at high levels that could have important implications if the IFN-β activities are neutralized, as previously described in vitro by Mckenna et al. (21). However, it should be considered that an opposite effect could be reached at low concentrations (21), being proposed as an important agonist of endogenous IFN actions in pathophysiological processes like septic shock (22). Beyond these studies, there are no recent research focused on the sIFNAR2/IFN-β relationship, which would be necessary for the optimization of the IFN-β treatment given the agonist and antagonist properties of sIFNAR2.

Regarding the gene expression follow-up study, the functional subunits of the receptor, IFNAR1 and IFNAR2, showed a slight increase after IFN-β therapy, while MxA increased significantly its expression, as expected. sIFNAR2 gene expression behaved similar to MxA, being significantly induced after treatment with IFN-β. This up-regulation in the levels of sIFNAR2 over the first year of therapy was previously described by Gilli et al. in MS patients that were negative for neutralizing antibodies. According to the IFN-β clinical response, responder and non-responder patients increased sIFNAR2 after treatment but only non-responders reached statistical significance, in line to which was observed at protein levels. It has been described that non-responders had an activated type I IFN system in peripheral blood cells that was refractory to exogenous IFN-β (37). The elevated levels of circulating sIFNAR2 found in our study, acting as an antagonist to IFN-β, could be a plausible explanation of that absence of response observed in non-responders, but this has to be further studied.

As the transmembrane IFNAR2 and sIFNAR2 are products of an alternative splicing, we further analyzed the relationship between both spliced variants with the treatment. The relative expression of the transmembrane protein and its soluble counterpart showed a strong positive correlation, which was not modified by the IFN-β treatment. It should be highlighted that the expression of the sIFNAR2 was 2.3-fold higher compared to the transmembrane isoform before and after IFN-β therapy. The greater abundance of the mRNA transcript for the soluble isoform than for the transmembrane one was previously described in mouse tissues, where both transcripts were expressed ubiquitously and the ratio soluble:transmembrane IFNAR varied from 10:1 in the liver and other organs, to 1:1 in tissues involved in hematopoiesis, suggesting that both receptor isoforms should be regulated independently (20). However, a comprehensive study of human sIFNAR2 mRNA expression in normal tissue is still lacking, and hence there is limited information on normal relative expression levels.

As aforementioned, in addition to the alternative splicing, the soluble receptors of cytokines can also be generated by proteolytic cleavage. Cell membrane proteins undergo this cleavage at the cell surface, resulting in the release of a significant portion of their extracellular domain (11). ADAM17, proteolytically cleaves many substrates including the IFNAR2 receptor (17, 18). This led us to think that the serum levels of sIFNAR2 detected in MS patients after one year of IFN-β exposure could be the result of both alternative splicing but also importantly of proteolytic cleavage (or shedding). However, we did not find any induction of ADAM17 after IFN-β administration which suggests that serum sIFNAR2 was most probably the product of alternative splicing of the IFNAR2 gene rather than a proteolytically cleaved product of IFNAR2, in concordance with data observed in mouse (38). Regarding the presenilins, it has been described that they release the intracellular domain of IFNAR2 (18), although it is not clear whether this cleavage leads also to the release of the extracellular domain. We have found a significant increase in the expression of PSEN 1 in MS patients after IFN-β treatment, but its implication on the release of the intracellular domain of IFNAR2 is unknown and should be further studied.

We finally determined whether in vitro short-term IFN-β induction modified the sIFNAR2 gene expression in PBMC from MS patients. Increased expression of MxA after the short-term IFN-β induction was observed and considered as the positive control of the experiment. No changes were observed after 8 hours of IFN-β administration in the expression of sIFNAR2, but a significant increase was observed at 24 hours. This upregulation of sIFNAR2 mRNA was previously described in the murine cell line L929 after induction with type I and II IFN (38). Herein, we describe for the first time the up-regulation of sIFNAR2 mRNA in human PBMC, which could have important implications for IFN-β treatment optimization, due to the fact that it can act as an agonist or antagonist depending on its circulating levels.

Beyond MS, IFN-β is a pleiotropic cytokine, collectively having roles in both innate and adaptive immune responses. Thereby the function of IFNβ-sIFNAR2 mediated regulatory mechanisms could also exerts an important role in other diseases characterized by a dysregulation of the interferon pathway, named interferonopathies (39), although the complete functionality of sIFNAR2 in type I IFN signal transduction requires further elucidation.

A limitation of the study is that it is not possible to know if the absence of clinical response to IFN-β is the cause or the consequence of the up-regulation of sIFNAR2, so further studies including patients during the relapse and in remission are warranted. Also, it would necessary to carry out a replication study in a large cohort of responders and non-responders to confirm its use as biomarker of response. If confirmed, sIFNAR2 would be an easy ideal biomarker to implement in clinical practice because its determination is made by ELISA, which is a widely used technique in clinical laboratories, it requires a non-invasive method for the sample extraction and it is cost-effective.

In conclusion, our study demonstrates the induction of sIFNAR2 (protein and mRNA) by IFN-β administration, probably by inducing alternative splicing, which at higher levels it might be related to the reduction or absence of therapeutic response to IFN-β treatment. IFN-β activity should be tightly regulated and sIFNAR2 levels could open a new dimension for optimizing this treatment and give another opportunity for improved therapeutic interventions.
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Tim-3, an immune checkpoint inhibitor, is widely expressed on the immune cells and contributes to immune tolerance. However, the mechanisms by which Tim-3 induces immune tolerance remain to be determined. Major histocompatibility complex II (MHC-II) plays a key role in antigen presentation and CD4+T cell activation. Dysregulated expressions of Tim-3 and MHC-II are associated with the pathogenesis of many autoimmune diseases including multiple sclerosis. Here we demonstrated that, by suppressing MHC-II expression in macrophages via the STAT1/CIITA pathway, Tim-3 inhibits MHC-II-mediated autoantigen presentation and CD4+T cell activation. As a result, overexpression or blockade of Tim-3 signaling in mice with experimental autoimmune encephalomyelitis (EAE) inhibited or increased MHC-II expression respectively and finally altered clinical outcomes. We thus identified a new mechanism by which Tim-3 induces immune tolerance in vivo and regulating the Tim-3-MHC-II signaling pathway is expected to provide a new solution for multiple sclerosis treatment.
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Introduction

T cell immunoglobulin mucin domain 3 (Tim-3) is widely expressed on the surface of many immune cells including T cells and macrophages (1, 2). As an immune checkpoint inhibitor, Tim-3 contributes to immune tolerance by inducing T cell apoptosis or by suppressing the activation of innate immune cells (1, 3). Deregulated upregulation of Tim-3 has been associated with many tumors or chronic infectious diseases, while dysregulated downregulation or dysfunction of Tim-3 leads to many kinds of autoimmune diseases such as multiple sclerosis (4) and rheumatoid arthritis (4–6). Recently, our findings and other reports showed that Tim-3 may control T cell response indirectly via regulating the function of innate immune cells (1, 3, 7). However, the mechanism by which Tim-3 mediates immune tolerance, especially innate immune tolerance, remains largely unclear.

MHC-II is expressed on many innate immune cells especially on professional antigen-presenting cells such as macrophages or dendritic cells. Following activation, MHC-II is upregulated and mediates antigen presentation and T cell activation. Unfortunately, dysregulated expression or variations of MHC-II lead to many immune disorders such as multiple sclerosis (8, 9). Investigations on the mechanisms by which MHC-II is regulated under different physiopathological conditions may provide useful solutions for many immune disorders. Multiple sclerosis (MS) is an autoimmune demyelinating and neurodegenerative disease of the central nervous system and the leading cause of non-traumatic neurological disability in young adults. Current therapeutic options for progressive multiple sclerosis remain comparatively disappointing and challenging.

The innate immune system is the first line of defense against antigens, and the adaptive immune system takes over by the innate immune system presentation of the antigens. Macrophages and microglia are important components of the innate immune system. They participate in the primary response to microorganisms and play a role in inflammatory responses, homeostasis, and tissue regeneration. In the initial phase of MS and EAE (an animal model of MS), macrophages from peripheral tissues infiltrate into the CNS and, together with residential microglia, contribute to the pathogenesis of MS. Strategies that target innate immune cells to prevent or treat immune disorders have shown therapeutical potential (10). Preventing multiple sclerosis by controlling the activity of macrophages/microglia may provide an alternative strategy.

Currently, it is found that the MHC-II molecule is the related gene for multiple sclerosis (11, 12). The expression of MHC-II is regulated by MHC class II transactivator (CIITA) (13). By reducing the MHC-II expression or blocking the MHC-II–peptide complex interaction on CD4+T cells, the multiple sclerosis progression can be significantly alleviated (14, 15). These data suggested that MHC-II may act as a therapeutic target for immune disorders such as multiple sclerosis. However, how MHC-II is regulated during different physiopathological conditions remains to be determined.

Here using cell-based, molecular biology and in vivo approaches, we identified a new way of MHC-II regulation; that is, by suppressing CIITA expression, Tim-3 inhibits MHC-II expression in macrophages and then downregulates the presentation of autoantigen MOG to CD4+T cells, finally leading to immune tolerance in mice with experimental autoimmune encephalomyelitis.



Results


Tim-3 Inhibits MHC-II Expression in Macrophages/Monocytes

In our previous studies, we demonstrated that Tim-3 inhibits the activity of the phagocytosis (16) and MHC-I antigen presentation (7) of macrophages. There is great interest to keep on investigating whether Tim-3 inhibits other antigen presentation functions in macrophages and other immune functions. MHC-II expression was increased by anti-Tim-3 antibody inhibition in mouse macrophage cell line RAW264.7 (Figure 1A). Tim-3 was also knocked down by siRNA in RAW264.7, whose results (Figure 1B) showed that MHC-II expression was increased by Tim-3 knockdown. To test this further, the peritoneal macrophages of wild-type C57BL/6 mice (WT) mice, Tim-3-KO, and Tim-3-TG mice were extracted and analyzed. The MHC-II expression in Tim-3-KO mice was increased in macrophages compared with WT mice (Figure 1C), and MHC-II expression was decreased in macrophages from Tim-3-TG mice compared with WT mice (Figure 1D). WT mice were intraperitoneally injected with anti-Tim-3 antibody or control antibody, and peritoneal macrophages were harvested after 48 h. The MHC-II expression was increased after anti-Tim-3 antibody inhibition (Figure 1E). In addition, the expression of MHC-II on Tim-3 transgenic HEK-293T cells was decreased at both the mRNA and protein levels (Figure 1F). To find out whether Tim-3 also inhibited MHC-II expression on human monocytes/macrophages, Tim-3 and HLA-DR mRNA expression data from the GEO dataset (GSE34151) (7, 17) were collected. The 67 healthy individual samples were analyzed and showed an inverse correlation (r = -0.2458, p = 0.0450) between the expression of Tim-3 and MHC-II (HLA-DR) in CD14+ monocytes/macrophages (Figure 1G). These results suggest that Tim-3 signaling inhibited MHC-II expression not only in mouse macrophages but also in human macrophages.




Figure 1 | Tim-3 inhibits MHC-II expression in macrophages. (A) The MHC-II expression of RAW264.7 cells cocultured with anti-Tim-3 antibody (20 μg/ml) or isotype antibody for 24 h (upper, mean ± SD, n = 3). (B) Tim-3 knockdown (Tim-3-si) RAW264.7 cells and (negative control, NC) RAW264.7 cells (upper, mean ± SD, n = 3). (C) The peritoneal macrophages from Tim-3 knockout mice (Tim-3-KO) and WT mice (upper, mean ± SD, n = 6). (D) The peritoneal macrophages from Tim-3 transgenic (Tim-3-TG) mice and wild-type (WT) mice. The MHC-II expression was detected by cytometry, Western blot, and RT-PCR (mean ± SD, n = 6). (E) WT mice were treated with anti-Tim-3 antibody or isotype antibody (10 mg/kg) by intraperitoneal injection at 0 and 24 h, and peritoneal macrophages were collected at 48 h to detect MHC-II protein and gene levels (mean ± SD, n = 6). (F) 1 and 2 μg of Tim-3 plasmid and 2 μg of vector plasmid were transferred into HEK-293T cells, respectively, and MHC-II protein level was detected at 48 h. (G) The expression data of Tim-3 and MHC-II in CD14+ monocytes/macrophages from 67 healthy individuals were collected from the GEO dataset (GSE34151), and their correlation was analyzed (*p < 0.05; **p < 0.01; ***p < 0.001).





Tim-3 Inhibits CIITA Expression in Macrophages

Tim-3 signaling inhibited MHC-II expression, but how Tim-3 inhibits MHC-II is still unclear. CIITA is the transcription factor of MHC-II (13), and Tim-3 may also inhibit the CIITA expression. To test the hypothesis, the Tim-3 function to CIITA was explored. CIITA expression was increased by anti-Tim-3 antibody inhibition in RAW264.7 (Figure 2A). Tim-3 was also knocked down by siRNA, whose results (Figure 2B) showed that CIITA expression was increased. To test this further, the peritoneal macrophages of WT, Tim-3-KO, and Tim-3-TG mice were extracted and analyzed. The CIITA expression in Tim-3-KO mice was increased in macrophages compared with WT mice (Figure 2C), and CIITA expression was decreased in macrophages from Tim-3-TG mice compared with WT mice (Figure 2D). The CIITA expression was increased after anti-Tim-3 antibody inhibition in mice (Figure 2E). These results suggest that Tim-3 signaling inhibited CIITA expression in macrophages.




Figure 2 | Tim-3 signaling inhibits MHC-II expression through CIITA in macrophages. (A) The CIITA expression of RAW264.7 cells cocultured with anti-Tim-3 antibody (20 μg/ml) or isotype antibody for 24 h (left, mean ± SD, n = 3). (B) Tim-3-si RAW264.7 cells and RAW264.7 cells (left, mean ± SD, n = 3). (C) The peritoneal macrophages from Tim-3-KO and WT mice. The CIITA expression was detected by Western blot and RT-PCR (mean ± SD, n = 6). (D) The peritoneal macrophages from Tim-3-TG mice and WT mice (left, mean ± SD, n = 6). (E) WT mice were treated with anti-Tim-3 antibody or isotype antibody (10 mg/kg) by intraperitoneal injection at 0 and 24 h, and peritoneal macrophages were collected at 48 h to detect CIITA protein and gene levels (mean ± SD, n = 6). (F) siRNA-CIITA was transfection with RAW264.7 cells; CIITA and MHC-II expression was detected by Western blot at 48 h. (G) siRNA-CIITA was transfection with RAW264.7 cells cocultured with or without anti-Tim-3 antibody, and MHC-II expression was detected by RT-PCR (mean ± SD, n = 3) and Western blot at 48 h. (H) HEK-293T cells were transferred into pGL3-MHC-II reporter plasmid and CIITA plasmid, with or without Tim-3 plasmid for 48 h. Dual-fluorescence was analyzed (mean ± SD, n = 3). (*p < 0.05; **p < 0.01; ***p < 0.001). ns, Not Significant.





Tim-3 Signaling Inhibits MHC-II Expression Through CIITA in Macrophages

After determining the inhibitory effects of Tim-3 on CIITA, we examined whether Tim-3 inhibits MHC-II expression through CIITA. To test this hypothesis, we silenced CIITA in RAW264.7 cells by siRNA (Figure 2F). Knockdown of CIITA led to decreased MHC-II mRNA and protein expression, which cannot be reversed by Tim-3 antibody blockage in RAW264.7 (Figure 2G). In addition, the dual-luciferase reporter assay revealed that CIITA-induced upregulation of MHC-II in HEK-293T cells could be reversed when Tim-3 was co-transfected (Figure 2H). These results showed that Tim-3 signaling inhibits MHC-II expression in macrophages through CIITA.



STAT1 Acts as a Signaling Adaptor for Tim-3-Mediated Suppression on the CIITA-MHC-II Pathway

We previously found that STAT1 helps Tim-3 to transduce signal (7). The STAT1-CIITA signaling pathway is involved in the regulation of MHC-II transcription (18–20). To test whether Tim-3 inhibits CIITA expression via STAT1, we first examined the Tim-3 and STAT1 signal to CIITA. The results showed that the expression of CIITA mRNA in RAW264.7 cells increased after Tim-3 antibody blockage, which could be reversed by the STAT1 inhibitor fludarabine (Figure 3A). CIITA and MHC-II mRNA increased after STAT1 transgenetic overexpression and reversed by Tim-3 co-overexpression (Figure 3B). Furthermore, the CIITA and MHC-II expression in protein level can be reversed by Tim-3 co-overexpression (Figure 3C). These results showed that Tim-3 signaling inhibits MHC-II expression in macrophages through STAT1-CIITA.




Figure 3 | Tim-3 signaling inhibits CIITA expression through STAT1 in macrophages. (A) RAW264.7 cells were incubated with 20 μg/ml anti-Tim-3 antibody or control antibody for 24 h in the presence of the STAT1 inhibitor fludarabine (10 μM) or dimethyl sulfoxide control and then were collected, and CIITA mRNA levels were examined by RT-PCR (mean ± SD, n = 3). (B) HEK-293T cells were transfected with STAT1 plasmid, with or without Tim-3 plasmid for 48 h, and the mRNA levels of CIITA (mean ± SD, n = 3) and MHC-II (mean ± SD, n = 3) were detected. (C) HEK-293T cells were transfected with STAT1 plasmid, with or without Tim-3 plasmid and lysed, and the protein levels of CIITA and MHC-II were analyzed at 48 h (*p < 0.05; **p < 0.01; ***p < 0.001).





Tim-3 Inhibits MHC-II and Ameliorates the EAE Mouse Model

To study whether Tim-3 inhibits the macrophage MHC-II expression and antigen presentation in vivo, the EAE model was constructed on wild-type (WT) or Tim-3-TG C57BL/6 mice. The dynamic development and progression of EAE were monitored for the disease scores and body weights. MHC-II and CIITA expression was decreased in EAE mice macrophages from Tim-3-TG mice compared with WT mice (Figures 4A, B). CD4+ T cells in the Tim-3-TG group differentiate fewer IFN-γ+CD4+ T (Th1) cells and IL17+CD4+ T (Th17) cells, with more Foxp3+CD4+ T (Treg) cells (Figure 4C). Tim-3-TG significantly reduced the development and severity of EAE by disease score and weight loss, with less inflammatory cell infiltration and demyelination lesions in white matter by H&E and LFB staining (Figures 4D, E). These data indicated Tim-3 can attenuate the development and progression of EAE in mice.




Figure 4 | Tim-3 inhibits MHC-II and ameliorates the EAE mouse model. MOG was emulsified into CFA, WT, and Tim-3-TG mice (n = 8) were immunized subcutaneously, and pertussis toxin (500 ng/mouse) was injected intraperitoneally at 2 and 48 h after immunization. On the 20th day after immunization, the mouse spinal cords, peritoneal macrophages, and spleens were harvested. (A) Flow cytometry was used to detect the expression of MHC-II on the surface of macrophages. The percentage of MHC-II and the GeoMean were counted (mean ± SD, n = 6–8), (B) and the expression level of MHC-II was detected by RT-PCR (mean ± SD, n = 6) and Western blotting. (C) Flow cytometry was used to detect the activation levels of IL-17+CD4+T, IFN-γ+CD4+T, and Foxp3+CD4+Tcells in splenic lymphocytes (mean ± SD, n = 8–10). (D) The weight and clinical scores of the EAE mice were recorded from the 10th day. (E) The mouse spinal cord tissue was isolated and stained with HE and LFB (*p < 0.05; **p < 0.01).



CIITA and MHC-II expression in peritoneal macrophages of EAE mice was upregulated in the Tim-3 blockage group (Figures 5A, B). CD4+ T cells in the anti-Tim-3 group differentiate more IFN-γ+CD4+ T (Th1) cells and IL17+CD4+ T (Th17) cells, with few Foxp3+CD4+ T (Treg) cells (Figure 5C). After Tim-3 signaling blockage, the severity of EAE is significantly developed by disease score and weight loss (Figure 5D). H&E and LFB staining showed that inflammatory cell infiltration and demyelination lesions in white matter were significantly increased in the Tim-3 blockage group (Figure 5E). The data indicated that Tim-3 blockage exacerbated the development and progression of EAE in mice.




Figure 5 | Blockade of Tim-3 exacerbated multiple sclerosis in the EAE model. MOG was emulsified into CFA, mice were immunized subcutaneously, and pertussis toxin (500 ng/mouse) was injected intraperitoneally at 2 and 48 h after immunization. The immunized WT mice were divided into two groups (n = 10): one group is injected with anti-Tim-3 antibody, and the other group is injected with isotype antibody (10 mg/kg, intraperitoneal injection every other day. On the 20th day after immunization, the mouse spinal cords, peritoneal macrophages, and spleens were harvested. (A) Flow cytometry was used to detect the expression of MHC-II on the surface of macrophages. The percentage of MHC-II and the GeoMean were counted (mean ± SD, n = 5), (B) and the expression level of MHC-II was detected by RT-PCR (mean ± SD, n = 6) and Western blotting. (C) Flow cytometry was used to detect the activation levels of IL-17+CD4+T, IFN-γ+CD4+T, and Foxp3+CD4+T cells in splenic lymphocytes (mean ± SD, n = 6–10). (D) The weight and clinical scores of the EAE mice were recorded from the 10th day. (E) The mouse spinal cord tissue was isolated and stained with HE and LFB (*p < 0.05; ****p < 0.0001).



These data indicate that Tim-3 could inhibit MHC-II expression, which decreased macrophage antigen presentation and stimulation to CD4+ T cells with increased anti-inflammatory Treg and decreased pro-inflammatory Th1 and Th17 CD4+ T cells. Tim-3 can relieve EAE mouse spinal cord demyelination and improve clinical scores by inhibiting MHC-II expression and CD4+ T cell stimulation.

MHC-II plays a critical role in antigen presentation and CD4+ T cell activation. To verify if Tim-3 regulates the MHC-II antigen presentation function and control, anti-Tim-3 antibody was added to peritoneal macrophages and incubated with the MOG35-55 peptide for MHC-II presentation. Then, mouse spleen cells were added to the macrophages with or without anti-MHC-II antibody blockage. The result is analyzed by FACS, which showed that Tim-3 signal blockage could decrease anti-inflammatory Treg (Figure 6C) and increased pro-inflammatory Th1 (Figure 6B) and Th17 CD4+ T (Figure 6A) cells through MHC-II presentation. The spleen cells were also had more proliferation by inhibiting the Tim-3 signal through MHC-II presentation (Figure 6D). The results showed that Tim-3 can inhibit macrophage MHC-II antigen presentation to CD4+ T cells in vitro.




Figure 6 | Tim-3 inhibits macrophage MHC-II antigen presentation in vitro. Peritoneal macrophages were collected from WT mice, and anti-Tim-3 antibody (10 μg/ml) was added to culture overnight then incubated with MOG (10 μg/ml) for 4 h. Moreover, they were incubated with or without anti-MHC-II antibody (10 μg/ml) for 30 min, and then splenic lymphocytes were added to coculture for 24 h. The splenic lymphocyte suspension was collected to detect the ratio of (A) IL-17+CD4+T (mean ± SD, n = 4), (B) IFN-γ+CD4+T (mean ± SD, n = 4), and (C) Foxp3+CD4+T cells by flow cytometry (mean ± SD, n = 3). (D) Splenic lymphocytes of WT mice were cocultured for 3 days and photographed with a microscope, and then spleen cells were for collected for counting (mean ± SD, n = 3) (*p < 0.05; ***p < 0.001).






Discussion

In this study, we found that Tim-3 inhibits MHC-II expression in macrophages via the STAT1/CIITA pathway and inhibits antigen presentation and CD4+T cell activation in the EAE model. Moreover, blockade of Tim-3 signaling in EAE mice increased MHC-II expression and altered clinical outcomes. We identified a new mechanism that Tim-3 induces immune tolerance by MHC-II presentation, which paves a new way for multiple sclerosis treatment and other MHC-II related diseases.

In our previous studies, Tim-3 inhibits the MHC-I expression and antigen presentation function. Wang et al. (7) found that MHC-I-restricted antigen presentation by macrophages was inhibited by Tim-3-NLRC5 both in vitro and in a Listeria monocytogenes infection model in vivo. Li et al. (21) also found that Tim-3 blockage increases the expression of MHC-I on macrophages and promotes the activation of VSV-specific CD8+ T cells and also markedly attenuates vesicular stomatitis virus (VSV) encephalitis by decreased mortality and improved neuroethology in mice. In this study, we found that Tim-3 can inhibit the MHC-II expression and antigen presentation to CD4+ T cells, which relieves EAE mouse spinal cord demyelination and improves clinical scores. Tim-3 could also shift CD4+ T cells from a pro­inflammatory Th1 and Th17 phenotype to a less damaging, anti­inflammatory Treg phenotype. These studies showed that Tim-3 inhibits not only MHC-I expression and function but also MHC-II in different animal models, which suggests that Tim-3 may have more function and potential in macrophage antigen function.

Understanding MHC-II antigen presentation in health and disease may be critical for developing tools to control autoimmune responses and to modulate strong responses against infections and cancer (8). CD4+ T cells that interact with MHC-II–bound peptides then promote B cell differentiation and antibody production, as well as CD8+ T cell responses. The immune process of MHC-II is vital and tightly controlled, with one step of unregulated responses that can promote infectious diseases, autoimmune diseases, and cancer. MHC-II alleles are indeed associated with autoimmune diseases and are often the strongest risk factors (22), such as MS, type 1 diabetes, systemic lupus erythematosus, ulcerative colitis, Crohn’s disease, and rheumatoid arthritis. In this study, we found that Tim-3 inhibits MHC-II expression and antigen presentation with EAE model amelioration, which indicates that the Tim-3-targeting therapeutic strategy could have more potential for cancers and infectious and autoimmune diseases. There are two possible solutions to the design of a Tim-3-targeting therapy (2). One is IgG4 monoclonal antibodies, which could inhibit Tim-3 signaling in the immune system. The other is the use of IgG1 Tim-3 antibodies with CDC and ADCC function, which could kill dysfunctional immune cells with Tim-3 expression and differentiated monocytes. Elimination of dysfunctional Tim-3-expressing immune cells could be a new way to address immune tolerance (2). These problems are still waiting to be solved.

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system that involves demyelination and axonal degeneration. The multiple sclerosis treatment began with the approval of IFN-β and glatiramer acetate, then the first monoclonal antibody natalizumab, followed by oral medications (fingolimod, teriflunomide, dimethyl fumarate, and cladribine). Recently, new monoclonal antibodies (alemtuzumab and ocrelizumab) have been approved (23). MS treatment remains some problems. One is that progressive MS degenerative mechanisms differ from RRMS inflammatory mechanisms and that the neurodegenerative processes are not resolved by immunomodulatory compounds (24). Another is that animal models limit the understanding of pathophysiological mechanisms in progressive MS (25, 26). The current understanding is that progressive MS is characterized by chronic inflammation behind a closed blood–brain barrier with activation of microglia and continued involvement of T cells and B cells (24).

The goal of therapeutic modulation of T cell composition and differentiation in progressive MS is generally to normalize inflammation and minimize any involvement of T cell infiltrates. T cells can be found in the brain and spinal cord parenchyma of patients with PPMS and RRMS (27). Targeting T cells to slow disease progression needs more research. However, several interesting approaches could effectively target T cells, some of which are under investigation.

In summary, this study aims at finding the mechanism that Tim-3 could inhibit MHC-II expression and antigen presentation function through STAT1-CIITA, which relieves the EAE model (Figure 7), paving the way for Tim-3 as a potential therapeutic target to clinical usage.




Figure 7 | Schematic diagram of how Tim-3 inhibits MHC-II expression and relieves the EAE model. This schematic diagram demonstrated that Tim-3 suppresses MHC-II expression in macrophages via the STAT1/CIITA pathway, and Tim-3 inhibits MHC-II-mediated autoantigen presentation and CD4+T cell activation, which facilitated experimental autoimmune encephalomyelitis in mice.





Materials and Methods


Animals

Female 6–8-week-old C57BL/6J mice were purchased from Sibefu; Tim-3 transgenic mice were obtained from Cyagen Biosciences (Guangzhou, China). All mice were raised in a specific pathogen-free condition with free access to food and water. All experiments were performed according to the protocol approved by the Animal Ethics Committee of the Academy of Military Sciences (permit number: 2020-715).



EAE Induction

EAE was established as described in the literature (28, 29). Briefly, the complete Freund’s adjuvant (CFA, Sigma, F5881) was added with 50 mg of Mycobacterium tuberculosis (H37Ra, BD, 0052519) to prepare a final concentration of 6 mg/ml. MOG35-55 (SBS Genetech, Beijing) was emulsified with CFA (0.3 mg MOG35-55 and 0.6 mg H37Ra per mouse). The mice were immunized subcutaneously on the back, and Pertussis toxin (PTX, List Biological Laboratories, 180243A1) was injected intraperitoneally at 0 and 48 h after immunization (500 ng PTX per mouse each time). Groping, twenty C57BL/6J mice were immunized and randomly divided into two groups: anti-Tim-3 antibody (21) group and control antibody group (10 mg/kg, i.p, every other day). Eight Tim-3-TG mice and eight WT mice were immunized. The weight and clinical score of the EAE were recorded from the 10th day after immunization (30, 31).



H&E and LFB Staining

The mice were sacrificed on the 20th day after immunization. The mouse spinal cord was obtained and fixed with 4% paraformaldehyde, then paraffin embedding and tissue sectioning were performed. Perform hematoxylin and eosin staining was done to assess the state of the cortical and neuronal cells of the parenchymal. The Luxol fast blue method is used to stain myelin integrity. The microscope image was scanned with Pannoramic DESK, P-MIDI, P250 (Hungary, 3DHISTECH), and analyzed with Pannoramic Scanner software.



Cell Culture and Transfection

RAW264.7 cells and HEK-293T cells were from ATCC and were cultured under the culture guidelines. si-RAW264.7 cells (stably knocked out Tim-3) come from our laboratory (16). All cells using Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, streptomycin (50 μg/ml), and erythromycin (5 μg/ml) were cultured in an incubator (37°C, 5% CO2).

For cell transfection, Tim-3 plasmid gradient transfection was as follows: Vector or 1- and 2-μg Tim-3 plasmids were transfected into HEK-293T cells, respectively. Tim-3, CIITA, and STAT1 plasmids were transfected into HEK-293T cells alone or in combination and cultured for 48 h after transfection. The plasmid was previously stored in our laboratory. The CIITA knockdown, Vector, and CIITA siRNA (Guangzhou Ribobio, S1105) were transfected into RAW264.7 cells for 48 h. In the cell blocking experiment, RAW264.7 cells were cocultured with anti-Tim-3 antibody (20 μg/ml) or isotype antibody for 24 h. Also, 10 μM fludarabine (STAT1 inhibitor) was added on RAW264.7 cells which were then cocultured with anti-Tim-3 antibody (20 μg/ml) for 24 h.



Western Blotting

The cells were collected and lysed with the lysis buffer, in which protease and phosphatase inhibitors were added, then the supernatant was centrifuged and collected. The loading buffer was added and boiled for 10 min and then stored at -20°C. The protein concentrations of the sample were assessed using BCA Protein Analysis Kit (Thermo Fisher, TF268083). The protein sample was boiled for 5 min and was electrophoresed by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and then transferred to a polyvinylidene difluoride (PVDF) membrane. Then, the membrane was blocked for 1 h with TBST containing 5% milk at room temperature. The blots were incubated with the following primary antibodies overnight at 4°C: anti-CIITA antibody (Abcam, ab49132), anti-MHC-II antibody (Abcam, ab180779), and anti-mouse β-actin antibody (Abcam, ab8227). The dilution method of the above antibodies is according to the instructions. Afterward, the membrane was washed three times with TBST, 10 min each time, then incubated with Goat anti-rabbit IgG or Goat anti-mouse IgG antibodies for 40 min at room temperature, then washed three times with TBST for 10 min each time.



Real-Time PCR

The peritoneal macrophages of Tim-3-TG and WT EAE mice were collected, and RNA was extracted according to the TRIzol instructions (Ambion, 28218) (32). The concentration and purity of RNA were assessed by a Q5000 ultraviolet spectrophotometer (Quawell Technology Inc., Sunnyvale, USA). The RNA was reverse-transcribed by using TransScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech, N20730). Quantitative real-time PCR was performed using UltraSYBR One-Step RT-qPCR Kit (Beijing ComWin Biotech, CW0659) and a LightCycler 480 PCR system. The relative expression of interesting genes was detected using the 2-ΔΔCt method, and internal control (18S ribosomal mRNA) was used for normalization of the target genes (7). The interesting primer sequences were shown as follows:

	18S: sense 5′-TTGACGGAAGGGCACCACCAG-3′

	Anti-sense 5′-GCACCACCACCACGGAATCG-3′

	MHC-II: sense 5′-GCGGAGAGTTGAGCCTACG-3′

	Anti-sense 5′-CCAGGAGGTTGTGGTGTTCC-3′

	CIITA: sense 5′-TGTTTTGGATGCTGCAAGGC-3′

	Anti-sense 5′-AAGGCACAGTGGTATTCCCG-3′





Dual-Luciferase Reporter Assay

The pGL3-MHC-II (1 μg) and pGL3-CIITA (1 μg) plasmids (Shenggong, Beijing, China) were transferred into HEK-293T cells, with or without Tim-3 plasmid, and cultured for 48 h. The luminescence was detected with the Dual-Luciferase Report Assay System (Promega, E1910). Briefly, the cells were washed with PBS once and 200 μl lysis buffer was added, then 20 μl was added to a 96-well plate, 50 μl 1× Gold’s reagent was added to each well, and firefly luciferin was measured immediately, and then 50 μl 1× Stop reagent was added to measure Renilla luciferase. Finally, the relative of firefly fluorescein/renilla fluorescein was calculated (33).



FACS Analysis

The spleen lymphocytes of EAE mice (on the 20th day after immunization) were separated with Ficoll density gradient centrifugation. Peritoneal macrophages were isolated as previously described (7), washed twice with FACS (containing 2% fetal bovine serum), then stained with APC anti-mouse F4/80 antibody (BioLegend, 123116) and PE anti-mouse MHC-II antibody (BioLegend, B117132), incubated at 37°C for 30 min, and then washed once with FASC and resuspended in 1% paraformaldehyde. For staining of spleen cells, firstly, the cells were incubated with cell stimulation cocktail plus protein transport inhibitors (Invitrogen, 2260623) for 4–6 h, washed with FACS once for staining with PerCP anti-mouse CD4 antibody (BioLegend, 100538), and then washed with FACS; 200 μl fixation/permer buffer (Invitrogen, 2220750) was added at 4°C overnight, and then permer buffer dilution washing and staining were done on the APC anti-mouse IFN-γ antibody (BioLegend, 505810), PE anti-mouse IL-17 antibody (BioLegend, 506904), and APC anti-mouse Foxp3 antibody (eBioscience, E07303-1635), and finally washing with permer buffer and resuspension were performed.



MHC-II Neutralization Experiment In Vitro

Peritoneal macrophages and spleen cells of wild-type mice were obtained according to the above method. Then, anti-Tim-3 antibody was added to the peritoneal macrophages to incubate overnight, then MOG35-55 was also added to incubate for 4 h, and then anti-MHC-II antibody (Invitrogen, 2190425) was added to incubate for 30 min, and splenic lymphocytes were finally added and, after 24 h, photographed with a microscope; then, spleen cells for were collected for counting and then stained with PerCP anti-mouse CD4 antibody and APC anti-mouse IFN-γ antibody.



Statistical Analysis

Data analysis was analyzed with GraphPad Prism software version 8. Data were expressed with mean ± standard error of mean (SEM). Differences between groups were analyzed using repeated-measure analysis of variance or t-test. A p value of less than 0.05 is considered statistically significant.
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Introduction: Multiple sclerosis is an immune-mediated demyelinating disorder of the central nervous system. Because of the complexity of etiology, pathology, clinical manifestations, and the diversity of classification, the diagnosis of MS is very difficult. We found that McDonald Criteria is very strict and relies heavily on the evidence for DIS and DIT. Therefore, we hope to find a new method to supplement the evidence and improve the accuracy of MS diagnosis.

Results: We finally selected GSE61240, GSE18781, and GSE185047 based on the GPL570 platform to build a diagnosis model. We initially selected 54 MS susceptibility locus genes identified by IMSGC and WTCCC2 as predictors for the model. After Random Forests and other series of screening, the logistic regression model was established with 4 genes as the final predictors. In external validation, the model showed high accuracy with an AUC of 0.96 and an accuracy of 86.30%. Finally, we established a nomogram and an online prediction tool to better display the diagnosis model.

Conclusion: The diagnosis model based on microarray data in this study has a high degree of discrimination and calibration in the validation set, which is helpful for diagnosis in the absence of evidence for DIS and DIT. Only one SLE case was misdiagnosed as MS, indicating that the model has a high specificity (93.93%), which is useful for differential diagnosis. The significance of the study lies in proving that it is feasible to identify MS by peripheral blood RNA, and the further application of the model and be used as a supplement to McDonald Criteria still need to be trained with larger sample size.

Keywords: multiple sclerosis, diagnosis model, microarray, Random Forest, logistic regression, Area Under Curve, Calibration Curve, McDonald Criteria


INTRODUCTION

Multiple sclerosis (MS) is an immune-mediated demyelinating disorder of the central nervous system (CNS). The most frequently involved parts of the disease are periventricular white matter, optic nerve, spinal cord, brainstem, and cerebellum, characterized by limb weakness, sensory abnormalities, ataxia and visual, and cognitive changes. The pathological mechanism of MS is still unknown, but its occurrence is closely related to autoimmunity and environmental factors (1). MS usually occurs in young adults, and it is more common in women (2). MS has a great impact on the motor function and economy of early adult life, thus significantly reducing the quality of life. Disease-modifying treatments have mostly failed as treatments for progressive multiple sclerosis (3). However, early diagnosis and treatment are still very effective in reducing recurrence and disability rates in relapsing-remitting MS (RRMS).

The diagnosis of MS is based on symptoms and signs of the central nervous system, as well as CNS demyelination evidence for dissemination in space (DIS) and dissemination in time (DIT). The detection of MRI and cerebrospinal fluid (CSF) has greatly improved the accuracy of diagnosis and differential diagnosis of MS from other diseases, but there were still some misdiagnoses (4). At present, an increasing number of studies have found that the biomarkers in blood have obvious specificity in patients with MS (5, 6). The International Multiple Sclerosis Genetics Consortium (IMSGC) and the Wellcome Trust Case Control Consortium 2 (WTCCC2) identified more than 50 MS susceptibility loci in genome-wide association studies (GWAS) with a large sample size (n = 9,772) (7). With the increasing maturity of microarray technology, economical and convenient gene detection makes the gene diagnosis of MS possible. In this study, the probe microarray data of blood samples of MS, healthy control, and other inflammatory CNS diseases were obtained from the Gene Expression Omnibus (GEO) database, and an MS diagnosis model based on gene expression was constructed.



RESULTS


Data Processing

We finally selected GSE61240, GSE18781, and GSE185047 based on the GPL570 platform (Affymetrix Human Genome U133 Plus 2.0 Array) to build a diagnosis model. We unified the raw probe data of the three series to get the matrix data of gene expression. We have drawn a boxplot based on gene expression, which shows that 147 arrays are at the same expression level, and there was no systematic error between the three series (as shown in Figure 1 and Supplementary Table 1). One hundred and forty-seven arrays in the above three series were divided into a training set and a validation set. The training set contains samples of 39 RRMS (one RRMS was eliminated after inspection), 6 sarcoidosis, 10 systemic lupus erythematosus (SLE), and 18 healthy control. The validation set contains samples of 40 RRMS, 6 sarcoidosis, 10 SLE, and 17 healthy control. The training set is used to construct the prediction model, and the validation set is used to verify the accuracy and reliability of the model prediction (as shown in Supplementary Tables 2, 3).


[image: Figure 1]
FIGURE 1. Boxplot of 147 gene chips. The median gene expression of 147 samples is almost at the same level.




Screening Predictors of the Model

We adopted the conclusions of the MS genome-wide association studies of IMSGC and WTCCC2 and used 54 MS susceptibility locus genes as the predictors preliminarily included in the model (7). Subsequently, we rigorously screened 54 predictors using Random Forests and obtained 8 predictors with a Gini index greater than 1 (as shown in Figure 2) (8, 9). We used the restricted cubic spline (RCS) to test the non-linearity of the 8 predictors and found that CD58 and MMEL1 did not satisfy the linear relation with the dependent variable while the P-value is 0.0041 and 0.0492 (P < 0.05), so both predictors were eliminated. Multicollinearity refers to the high correlation between variables in the linear regression model, which makes the model difficult to estimate accurately. We used variance expansion factors (VIF) to evaluate the multicollinearity of variables (10). The VIFs of STAT3 and RPS6KB1 were greater than 5 and were eliminated, and it was considered that there was multicollinearity between them. Finally, we selected 4 genes (DKKL1, BATF, PTGER4, MPHOSPH9) as final predictors of the model and used them in the subsequent model construction.


[image: Figure 2]
FIGURE 2. (A) Cook's Distance describes the influence of a single sample on the entire regression model. The greater the Cook's distance, the greater the influence. (B) The relationship between the number of classification trees and the error in Random Forests. With the increase of the number of classification trees, the classification error gradually decreases, and the model gradually tends to be stable. (C) Gini index of predictors in the model, which reflects the importance of predictors.




Model Establishment and Evaluation

The influential point in the data has a great influence on the stability and authenticity of parameter estimation. Therefore, this study used Cook's distance to evaluate the influential point in the data. When the Cook's distance is less than 1, it is considered that there is no influential point (11). After inspection, the Cook's distance of sample GSM1500092 is greater than 3, so GSM1500092 was excluded (as shown in Figure 2). The actual clinical manifestations of the diagnosis model constructed according to the training set should refer to its prediction accuracy in the independent validation set. We used the diagnosis model to predict the training set and validation set and evaluated the accuracy of the model according to the discrimination and calibration. The original training set and B-fold cross-validation were predicted, respectively. The C-statistics of the diagnosis model in the original training set and in B-fold cross-validation were both 0.99. The Calibration Curve drawn with R can directly indicate that the diagnosis model has a high calibration in the original training set, and also has a good performance in B-fold cross-validation (as shown in Figure 3). Subsequently, the diagnosis model was used to predict the validation set, and the receiver operating characteristic curve (ROC) and a Calibration Curve were drawn (as shown in Figure 3). The Area Under Curve (AUC) is 0.96, and the performance of the model in the Calibration Curve is close to that in the B-fold cross-validation of the training set. After determining that the diagnosis model has a good performance, we used the final model to build a nomogram (as shown in Figure 4) and an online prediction tool (https://acireman.shinyapps.io/dynnomapp/).


[image: Figure 3]
FIGURE 3. (A) The Calibration Curve of the training set. (B) The Calibration Curve of the validation set. The abscissa of the graph is the predicted probability, and the ordinate is the actual probability. The ideal line indicates that the actual probability and the predicted probability are perfectly coincident under an ideal situation. The fitting line represents the predicted probability corresponding to the actual probability. If the predicted probability is greater than the actual probability, that is, the risk is overestimated, then the fitting line is under the ideal line. If the predicted probability is less than the actual probability, that is, the risk is underestimated, then the fitting line is above the ideal line. The graph also shows the performance of the model in B-fold cross-validation (B = 10).



[image: Figure 4]
FIGURE 4. The nomogram of the diagnosis model. Nomogram is a simple tool to calculate the output probability of the model. For more accurate probability calculation, please refer to the online prediction tool.


We have drawn a histogram of the output probability, and it can be seen that the distribution of the predicted probability is concentrated at both ends (as shown in Figure 5). In order to show the prediction accuracy of the model, we drew a confusion matrix based on all samples in the validation set (as shown in Figure 5). With the probability threshold set to 0.5, 63 out of the 73 samples were correctly classified, with an accuracy of 86.30%. Eight cases of RRMS were wrongly judged as non-MS, one case of healthy control and one case of SLE were wrongly judged as RRMS with a sensitivity of 80.0%, specificity of 93.93%, positive prediction value (PPV) of 94.11%, negative prediction value (NPV) of 79.48%. Similarly, we also drew a confusion matrix for the prediction of the model in the training set (as shown in Figure 5).


[image: Figure 5]
FIGURE 5. (A) The confusion matrix of the prediction model. (B) The histogram of the output predicted probability, and it can be seen that the distribution of the predicted probability is concentrated at both ends. (C) The receiver operating characteristic curve (ROC). AUC is the size of the area under ROC.





DISCUSSION

The McDonald Criteria in 2017 is very strict and complicated. Firstly, it is suitable for patients with a typical clinically isolated syndrome (CIS) (12). Secondly, evidence of DIS and DIT are required to confirm the diagnosis, which refers to the multiple locations of lesions and the relapsing-remitting course (13, 14). Therefore, the difficulties of McDonald Criteria lie in three aspects: identifying demyelinating lesions of the CNS, identifying different positions of the lesions, and identifying the course of relapse and remission (or coexistence of old and new lesions).

The current development of imaging greatly improves the diagnosis of MS. For example, susceptibility-weighted sequences at 3T can identify the paramagnetic rim lesions and central vein sign (15, 16), which are the characteristic lesions of MS. However, since the related devices have not been widely used in clinical practice and the difficulties to determine the threshold for their diagnosis (17), they are only recommended as differential diagnostic markers, but not for clinical apply (18). Aside from neuromyelitis optica spectrum disorders (NMOSDs), non-specific MRI findings of common diseases (such as age-related vascular white matter lesion and migraine with a single periventricular lesion, which is not uncommon) are the most common misdiagnosis of MS (12). Therefore, the specificity of MRI in differentiating demyelinating lesions cannot meet clinical needs.

It is sometimes difficult to find evidence of lesions for DIS and DIT. Although both cortical lesions and juxtacortical lesions can be used as evidence of DIS, the ability of MRI to identify demyelinating lesions of cortex and distinguish them from other cortical lesions is limited at present. As evidence of DIS, the number of paraventricular lesions has been changing for years. Although the 2016 MAGNIMS Criteria found that the specificity of a single paraventricular lesion was low (19), the 2017 McDonald Criteria still used a single paraventricular lesion as evidence of DIS, which improved the sensitivity but reduced the specificity (12). Because of the lack of clinical symptoms or MRI (spinal cord MRI is not usually listed as routine imaging), the lesions in the spinal cord may be neglected. In the absence of contemporaneous or current objective evidence, historical events should be carefully accepted. Especially for patients with a first demyelinating attack or primary-progressive MS, the lack of evidence of DIT will affect the definitive diagnosis and the beginning of long-term disease-modifying treatment.

Based on the above objective restrictions, McDonald Criteria in 2017 suggests that CSF-specific oligoclonal bands (OCB) can be used as evidence of DIT, and suggests that spinal cord MRI should be performed as soon as possible in the absence of evidence or typical clinical manifestation (12). Similarly, we hope to develop a new dimension of evidence as a supplement when DIS or DIT evidence is insufficient under McDonald Criteria, even as a differential diagnosis of MS from other inflammatory demyelinating diseases or other CNS diseases. The MS genome-wide association studies of IMSGC and WTCCC2 identified more than 50 susceptibility locus genes among 9,722 cases of European descent (7), which makes it possible to identify MS from a genome.

On the other hand, brain MRI is not accurate for evaluating subcortical demyelination and spinal cord MRI is not as sensitive as the brain in detecting lesions (20), while CSF OCB has received more and more attention in the diagnosis of MS, and the lack of OCB has a very high negative predictive value, indicating other diagnoses should be considered (21). The detection of aquaporin-4 (AQP4) antibody can be used to distinguish MS and NMOSDs (22). For MS with the complexity of etiology, pathology, clinical manifestations, and the diversity of classification, it may be difficult to diagnose from a single aspect, and the combination of multiple evidence will improve the accuracy of the diagnosis. The inspiration for us is, a single gene may not be able to diagnose MS, but the diagnostic model based on the expression of multiple genes can significantly improve the accuracy.

At present, the auxiliary examination of MS mainly involves MRI, CSF electrophysiological evidence, and CSF immunological evidence. The blood biomarkers and the evidence based on peripheral blood gene expression have not reached a consensus in the diagnosis of MS. However, as an invasive examination, lumbar puncture increases the risk of hemorrhage and infection and has many complications such as cerebral hernia and low intracranial pressure. In addition, the blood sample is more inexpensive, more convenient to obtain, and more acceptable than a CSF sample. Therefore, based on the peripheral blood gene expression, the diagnosis model of MS was established, which provides a new dimension and a supplement for the diagnosis of MS.

At present, there are many popular methods applied to the diagnosis model, including support vector machine, artificial neural network, logical regression, and so on. Compared with the other model (23), the reason for choosing logistic regression in this study is that the linear regression model can output linear predicted probability, so as to provide a reference for clinical diagnosis. And the prediction accuracy is similar to other models. In addition, the nomogram and online prediction tool based on the logistic regression model can provide convenience for clinical diagnosis and are closely combined with the selected gene expression. The predicted probability of MS can be output by inputting the expression of 4 genes into the online prediction tool. Both machine learning and the logistic regression model selected in this study needed large data to train a model with excellent classification and prediction function. At present, the sample size of a single microarray in GEO is often small. Therefore, most bioinformatics research adopted the method of combining microarray data from different data sets (but based on the same platform) to increase the sample size. For example, the SVA package of R is often used to remove the batch effect of the microarray from different data sets, which is widely used in data mining (24). However, eliminating the batch effect will inevitably modify the probe expression in the raw data as a whole. Whether there is a significant difference between the final model with the modified data as the training set and the final model with the raw data, and which of the final prediction accuracy of the two methods is better, the relevant literature support has not been found. Therefore, we chose to analyze the raw data of 147 gene chip arrays from three series in a unified way, so as to reduce the systematic error caused by directly merging the microarray matrix and the correction of batch effect.

BATF is a transcription factor that regulates IL-17 expression and Th17 differentiation. And early growth response gene-2 (Egr-2) is an intrinsic regulator that controls Th17 differentiation by inhibiting BATF activation, which may be important in controlling the development of multiple sclerosis (25). Dickkopf (Dkk) gene includes four members of a small gene family (Dkk1-4) and a unique Dkk3-related gene DKKL1, which plays an important role in vertebrate development, and they locally inhibit Wnt regulated process. In adults, Dkks is related to bone formation and bone diseases, various tumors (including gliomas), and Alzheimer's disease (26). Although the expression of DKKL1 is necessary for normal nerve development, the over-expression of DKKL1 is the characteristic of many neurodegenerative diseases, such as stroke, Alzheimer's disease, Parkinson's disease, and temporal lobe epilepsy (27), and it can play an important role in pathological conditions such as tumorigenesis and cancer progression (28). Prostaglandin E2 receptor EP4 subtype (PTGER4) is highly correlated with immune response and inflammatory response (29), but its role in MS has not been systematically studied.

Unfortunately, the GPL570 chip does not annotate the probes of HLA-DRB1. However, studies on the relationship between HLA and diseases have shown that the incidence of some diseases is related to the detection rate of some special types of HLA. Most of these patients are diseases with unknown pathogenesis, abnormal immune function, and genetic tendency. Therefore, analyzing the expression of HLA antigen is not only helpful for understanding the pathogenesis but also is of great significance to the diagnosis, prevention, and prognosis of diseases. HLA class II encoded molecules are cell surface glycoproteins whose primary role in an immune response is to display and present short antigenic peptide fragments to peptide/MHC-specific T cells (30). In populations of European descent, allele DRB1*15:01 has the strongest association with multiple sclerosis among all HLA class II alleles (7).

The significance of the study lies in proving that it is feasible to identify MS by blood RNA, and the specificity of the model is still relatively high. In the future, it may be possible to combine image evidence, laboratory evidence, and genetic evidence into a diagnosis model based on machine learning. However, the sample size of the diagnostic model is too small for independent diagnosis and other CNS demyelinating diseases were not included in the training set (since no demyelination microarray data other than MS could be found in the GEO database). For further clinical application, it is still necessary to establish a larger sample cohort to include more other CNS diseases, especially inflammatory demyelinating diseases. In addition, the diagnosis model established in this study is only suitable for the gene chip based on the GPL570, which is a limitation for clinical use.



CONCLUSION

The diagnosis model based on microarray data in this study has a high accuracy of 86.30% in the validation set, which is helpful for diagnosis in the absence of evidence for DIS and DIT. Only one SLE case was misdiagnosed as MS, indicating that the model has high specificity (93.93%), which is useful for differential diagnosis. The significance of the study lies in proving that it is feasible to identify MS by peripheral blood RNA, and the further application of the model and be used as a supplement to McDonald Criteria still need to be trained with larger sample size.



METHODS


Data Retrieval Strategy

GEO is a public functional genomics database, which accepts microarray and sequence-based data. We searched with “demyelinating” and “blood” as the keywords, and preferred the data with large sample size, including MS, healthy control, and other inflammatory CNS diseases. In order to ensure the reliable prediction effect of the diagnosis model, we selected a training set to establish the model, and a validation set to verify the discrimination and calibration of the model. Considering the differences in the manufacturing process of chip manufacturers, we must ensure that the series of data comes from the same platform (Affymetrix Human Genome U133 Plus 2.0 Array, which is named GPL570 in GEO).



Processing of Raw Data

We downloaded the original probe files of GSE 61240, GSE 18781, and GSE 185047, with a total of 147 arrays. We used the RMA function of the R package “affy” to uniformly process the raw data, including background correction, standardization, summarization, and log-transformed. Through the above steps, we have got a matrix based on the expression of probes. Then, we annotated the probe matrix with R package “hgu133plus2.db,” thus transforming the matrix from probe level to gene level. Since the data were log-transformed by the RMA function, we restored the data to facilitate the construction of the linear regression model. Finally, we obtained a microarray matrix with 20,862 rows and 147 columns. It is worth mentioning that there are 3 processed microarray matrixes in the GEO database for the three series. However, after being processed by different senders and batches, the microarray matrixes have a large systematic error, which is not conducive to the model construction and validation. Therefore, we must uniformly process the original 147 gene chip arrays so that the expression levels of the 147 chips of the three series are at the same level (as shown in Figure 1).



Screening Predictors by Random Forests

According to stratified random sampling, we divided the microarray matrix into a training set and a validation set. The training set and the validation set do not contain repeated samples. We initially selected 55 MS susceptibility locus genes identified by IMSGC and WTCCC2 as predictors for the model. Therefore, we excluded the other genes in the microarray matrix to reduce the amount of computation. Since GPL 570 does not have a probe to annotate TNFRSF6B, there are only 54 genes in the training set and the validation set. After importing data into R, the “status” was transformed into a classification variable and no missing values were found in the data. Subsequently, we further screened the predictors through Random Forests based on the R package “randomForest.” When the classification tree reaches about 100 trees, the classification of Random Forests tends to be stable (as shown in Figure 2). At this point, we got the Gini index of the predictors and screened out the first 8 genes with a Gini index greater than 1.



Further Screening of Predictors and Establishment of Logistic Regression Model

The restricted cubic spline (RCS) was used for further non-linear tests of the selected predictors. After eliminating the predictors that do not satisfy the monotonicity, only the linear predictors were retained for the establishment of the logistic regression model. We found that there were influential points and multicollinearity in the model, and we excluded the samples with a Cook's distance greater than 1 to ensure that the data in the training set were reasonable. The predictors with multicollinearity were excluded to improve the stability of the model. After multiple screenings, only 4 out of the 55 initial predictors were used to construct the logistic regression model and the logistic regression model was established based on R packages “rms” and “glmnet.”



Internal and External Validation of the Diagnosis Model

The logistic regression model is a powerful tool for the prediction of clinical events and allows both classified variables and continuous variables to be included in the model. In order to avoid underfitting or overfitting of the model, we carried out internal and external validation of the diagnosis model and measured the accuracy of the prediction results of the model through discrimination and calibration (31). In the internal validation, we used the original training set for validation and then carried out B-fold cross-validation. Before external validation, the data of the validation set was imported into R to identify the missing values and outliers of the data, and the classification variables were transformed into factor form. Finally, the validation set data was used for external validation of the model.



Establishment of Nomogram and Online Prediction Tool

After confirming that the diagnosis model has excellent prediction performance in both training set and validation set, the nomogram based on the logistic regression model is established by using the R package “rms.” Nomogram is an imprecise calculation tool based on an image. After synthesizing the scores of all predictors, the total score is corresponding to the probability of the prediction result. The nomogram can roughly estimate the probability of disease occurrence of each clinical sample, which is simple and convenient. In order to further increase the accuracy of the prediction results, an online prediction tool was developed based on a dynamic nomogram to facilitate the further verification of the diagnosis model.
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Due to the plasticity of IL-17-producing CD4 T cells (Th17 cells), a long-standing challenge in studying Th17-driven autoimmune is the lack of specific surface marker to identify the pathogenic Th17 cells in vivo. Recently, we discovered that pathogenic CD4 T cells were CXCR6 positive in experimental autoimmune encephalomyelitis (EAE), a commonly used Th17-driven autoimmune model. Herein, we further revealed that peripheral CXCR6+CD4 T cells contain a functionally distinct subpopulation, which is CCR6 positive and enriched for conventional Th17 molecules (IL-23R and RORγt) and cytotoxic signatures. Additionally, spinal cord-infiltrating CD4 T cells were highly cytotoxic by expressing Granzyme(s) along with IFNγ and GM-CSF. Collectively, this study suggested that peripheral CCR6+CXCR6+CD4 T cells were Th17 cells with cytotoxic property in EAE model, and highlighted the cytotoxic granzymes for EAE pathology.
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Introduction

Multiple sclerosis (MS) is a devastating autoimmune disease with progressive neurological dysfunction due to demyelination of the central nerve system (CNS) (1). EAE is the most commonly used murine MS model and driven by self-reactive CD4 T cells (CD4 cells thereafter) (1). The disease-inducing CD4 cells were initially thought to be Th1 cells, but later were described as Th17 cells (2, 3). Indeed, Th17 cells themselves are not pathogenic (4), but are converted, under the priming of myeloid cell-derived IL-1 and IL-23 (5–7), into pathogenic CD4 cells, which lose IL-17-producing ability and alternatively produce IFNγ and GM-CSF (8–12). Despite their cytokine profiles, little else is known about the pathogenic CD4 cells, mainly due to the lack of specific marker to precisely identify them in vivo.

We previously found SerpinB1 (sb1, Serine Protease Inhibitor B1), an endogenous protease inhibitor (13), to be a signature gene of IL-17-producing γδ T cells (14) and Th17 cells (15). Subsequent studies showed that sb1-ko mice were resistant to EAE with a paucity of CXCR6+CD4 cells (16), which were highly enriched in the spinal cord, secreted inflammatory cytokine IFNγ and GM-CSF, contained cytotoxic Granzyme-C, and proliferated rapidly (16). Depleting CXCR6+CD4 cells by anti-CXCR6 antibody dramatically ameliorated established EAE, confirming the CXCR6+CD4 cells as the driver of EAE pathology (16). In this study, we further characterized CXCR6+CD4 cells.



Material and Method


Mice

Wild type C57BL/6J mice (wild type, wt) were originally purchased from the Jackson laboratory and maintained in an animal facility at the Boston Children’s Hospital. Animal protocols were approved by the Institutional Animal Care and Use Committee of Boston Children’s Hospital. EAE model induction, flow cytometry, cell sorting, q-PCR analysis, cell counting, and RNA sequencing were performed as previously described (16). In brief, to induce EAE, wt mice in the C57BL/6J background were injected with MOG35–55 emulsified with complete Freund’s adjuvant followed by 200 ng pertussis toxin on days 0 and 2.



RNAseq Analysis

CD4 effector cells (CD44+CD4) were sort-purified from pooled draining lymph node (dLN) cells and spinal cords of MOG-immunized wt mice by FACSAria system at the disease onset. The cells were stimulated for 4 h with PMA (50 ng/ml) and ionomycin (750 ng/ml) (Sigma-Aldrich), and RNA was purified using QIAGEN RNeasy Plus Mini kits and quantified by optical density at 260/280/230 nm. TruSeq RNA V2 kits were used to construct transcript-specific libraries that were sequenced on Illumina HiSeq2500. The resulting 4.5 Gb/genotype of raw data was trimmed, and 20 million reads were mapped. Genes that had expression levels (FPKM) ≥1.0 were analyzed for differential expression (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE192878)



Reverse Transcription and qPCR Analysis

CCR6+CXCR6-CD44+CD4, CCR6+CXCR6+CD44+CD4, CCR6-CXCR6+CD44+CD4 were sort-purified from pooled lymph node cells of MOG-immunized wt mice by FACSAria system at disease onset. RNA was isolated using RNeasy Plus kits (74134, Qiagen) according to the manufacturer’s protocol and reverse-transcribed using the iScript™ cDNA Synthesis kit (Bio-Rad). The qPCR assays were performed on the CFX96™ Real-Time System (Bio-Rad) with the iTaq™ Universal SYBR Green Supermix (Bio-Rad) using 30 s denaturation at 95°C and 40 cycles of 5 s at 95°C and 30 s at 61°C using the primers. Relative expression level for each gene was calculated by using the ΔΔCt method and normalizing to Actb.



Flow Cytometry

Cells were stained with fluorochrome-conjugated antibodies to surface markers. Fluorochrome-conjugated antibodies were from Biolegend: FITC- or PE-Cy7-anti-mCD3 (145-2C11), Pacific blue- or PE-anti-mCD45 (30-F11), Pacific blue- or PE-Cy7- or APC- anti-mCD4 (GK1.5), PE-anti-mIL1R1 (JAMA-147), FITC-anti-mCD44 (IM7), APC-anti-mCXCR6 (SA051D1), APC- or PE-Cy7-anti-mCCR6 (29-2L17). From R&D system: PE-anti-mIL-23R (753317). Data were acquired on a Canto II cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star). Cell counting was achieved by using AccuCount beads (Spherotech).



CyTOF Assay

After red blood cell lysis, both draining lymph node cells and peripheral blood cells were stimulated for 4 h with PMA (50 ng/ml) and ionomycin (750 ng/ml) (Sigma-Aldrich) in the presence of Brefeldin A. Cells were then collected and resuspended in cell staining buffer (Fluidigm; San Francisco, CA). After centrifugation, Fc receptor blocking reagent (clone 93, Biolegend) was used at a 1:100 dilution in for 10 min, followed by incubation with metal conjugated surface antibodies for 30 min. Then the cells were fixed and permeabilized by using fixation/permeabilization reagents (BD Bioscience). The permeabilization buffer was made by diluting the 10× stock solution (51-2091, BD Biosciences) in UltraPure distilled water (Invitrogen). All antibodies were purchased from the CyTOF core facility at Brigham and Women’s Hospital. DNA was labeled with iridium intercalator solution (Fluidigm). Samples were subsequently washed and reconstituted in Milli-Q filtered distilled water in the presence of EQ Four Element Calibration beads (Fluidigm, catalog 201078). Samples were acquired on a Helios CyTOF Mass Cytometer (Fluidigm) at Cellular Profiling Core Facility (School of Public Health, Harvard Medical School, Boston, MA, USA); Data were analyzed by using spanning-tree progression analysis of density-normalized events (SPADE) and vi stochastic neighbor embedding (SNE) on Cytobank software.



Statistical Analysis

Statistical analyses were performed using Prism 4 (Graphpad Software). Student’s t-test was used. P-values <0.05 were considered significant.




Results

We immunized the wild type (wt) mice with MOG to induce EAE and monitored the CXCR6+CD4 cells in the blood. Results showed that CXCR6+CD4 cells did not exist in naïve wt mice, but were dramatically induced in the blood with EAE induction (Figures 1A, B). Although CXCR6+CD4 cells dramatically accumulated in the peripheral blood of EAE mice, Cxcr6-ko and wt mice developed comparable EAE symptom (17), suggesting that CXCR6 might only serve as a marker and be dispensable for CD4 cell chemotaxis in EAE. Since CCR6 has been well established as a chemokine receptor preferentially expressed on conventional Th17 cells (18), especially the one generated in vitro, we then co-stained the CCR6 and CXCR6 on draining lymph node (dLN)-derived CD4 cells at EAE onset. Strikingly, we found CXCR6+CD4 cells could be divided into two subpopulations: CCR6 positive and CCR6 negative ones (Figure 1C). We then sorted out the CCR6+CXCR6- (as control), CCR6+CXCR6+, and CCR6-CXCR6+ effector CD4 cells from dLN at EAE onset. Q-PCR experiment showed that CCR6+CXCR6+ effector CD4 cells majorly expressed conventional Th17 signatures including Il23r, Il17a and Rorc, while CCR6−CXCR6+ ones majorly expressed Ifng and Csf2 (encoding GM-CSF), a typical ex-Th17 phenotype (Figure 1D). Flow cytometry analysis further confirmed that IL-23R and IL-1R were exclusively expressed on CCR6+CXCR6+CD4 cells (Figure 1E).




Figure 1 | CXCR6+CD4 cells in EAE. (A) Representative FACS data gating on blood leukocyte. (B) Cell number. N = 4 in each time points. (C) Gating strategy for FACS sorting or analysis of CD4 cells in dLN at EAE onset. (D) Relative gene expression of CCR6+CXCR6−, CCR6+CXCR6+and CCR6−CXCR6+ effector CD4 cells; CCR6+CXCR6− was used as control. Data are mean ± SEM of 3 independent experiments. ***p <0.001. (E) Representative FACS data showing IL23R and IL1R expression on CD4 cells in dLN at EAE onset. (F) Effector CD4 cells were isolated from both dLN and spinal cord at EAE onset, and subjected to bulk RNAseq. Data are presented by FMPK.



A long-standing difficulty in treating autoimmune disease, such as MS, is the lack of understanding of inflammatory tissue-infiltrating CD4 cells. Given that most of CNS-infiltrating CD4 cells are CXCR6 positive, we compared the transcriptome profile between CNS-infiltrating CD4 cells and peripheral effector CD4 cells in EAE. We sorted out the spinal cord-infiltrated CD4 cells, and compared them with effector CD4 from dLN at EAE onset and discovered that all of Il17a, Ccr6, and Il23r were downregulated in spinal cord-infiltrated CD4 cells, suggesting a terminal differentiated effector status. Interestingly, we found that CD4 cells in the spinal cord were cytotoxic by highly expressing Granzyme(s) and cognate serine protease inhibitor Serpin(s) along with IFNγ and GM-CSF  (Figure 1F). Indeed, this finding matches with the human MS study that CD4 cells from human secondary progressive MS autopsy brain samples are cytotoxic by co-expression of Eomes and Granzyme-B (19).

To further confirm the existence of distinct subpopulation within CXCR6+CD4 cells in the periphery at EAE onset, cytometry by time of flight (CyTOF) was applied (20), which is a powerful discovery tool in identifying rare cell population and cluster. A CyTOF study of 22 markers for effector CD4 cells showed that all of IFNγ (IL-2 negative portion), GM-CSF, IL-17, IL-23R, CD107a, Granzyme-B, IL-1R1 and CCR6 and partial of T-bet and RORγt overlapped with CXCR6 expression, suggesting CXCR6 as a marker for pathogenic CD4 cells (Figure 2A). We then focused on CXCR6+CD44+CD4 cells, and finally confirmed that they contained a distinct CCR6 positive subpopulation, which was enriched with conventional Th17 molecules (IL-1R, IL-17, IL-23R, and RORγt), and also highly cytotoxic by expressing Perforin, CD107a and Granzyme-B (Figure 2B). We observed partial overlap among IFNγ, IL-17 and GM-CSF, which might suggest the co-existence of conventional Th17 and ex-Th17 cells. Interestingly, IFNγ staining did not match with T-bet well, deemed as Th1 transcriptional factor responsible for IFNγ expression. Similarly, IL-17 staining did not match with RORγt well. This discrepancy between cytokines and corresponding transcriptional factors might be due to that PMA and ionomycin stimulation will preferentially accumulate the cytokine, not the transcriptional factors, for detection. It also could be due to the complex roles of transcriptional factors involved in the CD4 cell plasticity in autoimmunity. Purified PBMC from the peripheral blood were subjected to CyTOF analysis in parallel and showed identical profile as dLN (data not shown).




Figure 2 | CyTOF study. Wt mice were induced to develop EAE and sacrificed at the disease onset (N = 9; dLN from every 3 mice were pooled and deemed as one biological sample). Lymphocytes were stimulated with PMA & Ionomycin for 4 h in the presence of Brefeldin A, then were stained with metal-conjugated mAbs and subjected to CyTOF analysis. CXCR6 mAb and CD107a mAb were added during the stimulation. Shown are viSNE plots of CyTOF of effector CD4 (A) and CXCR6+ effector CD4 (B) of one of 3 biological samples with the same pattern. The color indicates expression level of labeled marker.





Discussion

Recently, we identified that chemokine receptor CXCR6 was preferentially expressed on pathogenic CD4 cells in EAE model (16), which i) secreted inflammatory cytokine IFNγ and GM-CSF, ii) contained cytotoxic granules, and iii) proliferated rapidly. In the current study, we further revealed that CXCR6+CD4 cells in EAE mice were heterogeneous, divided into two distinct subpopulations. One was CCR6 positive, enriched for cytotoxic signatures (Perforin, CD107a and GzmB) and conventional Th17 molecules (IL-17, IL-23R and RORγt); while the other was CCR6 negative, enriched solely for cytokine IFNγ and GM-CSF. Of note, although CCR6 has been established as a chemokine receptor of conventional Th17 cells, its role in EAE is still controversial since EAE disease varies from total absence (21, 22) to be delayed but more severe or totally normal (23, 24) in ccr6-deficient mice.

Regarding the EAE pathology, the current perception is that CD4 cells mainly interact with myeloid cells to indirectly induce the myelin sheath damage in EAE. It is unknown whether CD4 cells directly mediate the CNS damage and which molecule(s) mediate the process when that is the case. Although CD4 cell-derived GM-CSF is thought to be essential for EAE development, GM-CSF-deficient mice develop comparable EAE disease as wild type (wt) mice when regulatory T cells are depleted (25), suggesting that GM-CSF might function through peripheral priming step to mediate EAE. Indeed, the clinical trial of anti-GM-CSF antibody hasn’t been successful to date for MS. Thus, it is possible that EAE pathology is induced by GM-CSF-producing CD4 cells, rather than GM-CSF itself, and there might be other factors that are responsible for CD4 cell pathogenicity in EAE and human MS.

In this study, we discovered that CNS-infiltrated CD4 cells were highly cytotoxic by highly expressing various cytotoxic granzymes and cognate inhibitor Serpin(s). Granzyme(s) possesses broad pathological functions, such as triggering apoptosis of target cells (26), degrading the extracellular matrix (27), activating the myeloid cells (28, 29), and inducing self-inflicted cell death (30, 31). The finding that CNS-infiltrated CD4 cells highly expressed all of Gzm-A, -B, -K and endogenous inhibitor Serpin(s) strongly suggests that the pathogenic CD4 cells may use the Granzyme(s) to directly mediate CNS damage or to induce activation-induced cell death to maintain the homeostasis.

Overall, in the current study, we identified two distinct subpopulations in CXCR6+CD4 cells in EAE: CCR6+ cells (enriched for conventional Th17 signature with unexpected cytotoxic signature) and CCR6- cells (enriched for cytokine IFNγ and GM-CSF, an ex-Th17 signature). The discovery of these two subpopulations makes in vivo generated pathogenic CD4 cells amenable for direct investigation. Our study also highlights the existence of cytotoxic protease(s) of encephalitogenic CD4 cells, which might be the mediator to directly mediate the CNS damage in MS. The relationship between Th17 programming and acquisition of cytotoxicity is not understood; the co-existence of these two functionally distinct subpopulations is elusive and intriguing, which requires the further investigations.
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Background

Emerging evidence of antibody-independent functions, as well as the clinical efficacy of anti-CD20 depleting therapies, helped to reassess the contribution of B cells during multiple sclerosis (MS) pathogenesis.



Objective

To investigate whether CD19+ B cells may share expression of the serine-protease granzyme-B (GzmB), resembling classical cytotoxic CD8+ T lymphocytes, in the peripheral blood from relapsing-remitting MS (RRMS) patients.



Methods

In this study, 104 RRMS patients during different treatments and 58 healthy donors were included. CD8, CD19, Runx3, and GzmB expression was assessed by flow cytometry analyses.



Results

RRMS patients during fingolimod (FTY) and natalizumab (NTZ) treatment showed increased percentage of circulating CD8+GzmB+ T lymphocytes when compared to healthy volunteers. An increase in circulating CD19+GzmB+ B cells was observed in RRMS patients during FTY and NTZ therapies when compared to glatiramer (GA), untreated RRMS patients, and healthy donors but not when compared to interferon-β (IFN). Moreover, regarding Runx3, the transcriptional factor classically associated with cytotoxicity in CD8+ T lymphocytes, the expression of GzmB was significantly higher in CD19+Runx3+-expressing B cells when compared to CD19+Runx3- counterparts in RRMS patients.



Conclusions

CD19+ B cells may exhibit cytotoxic behavior resembling CD8+ T lymphocytes in MS patients during different treatments. In the future, monitoring “cytotoxic” subsets might become an accessible marker for investigating MS pathophysiology and even for the development of new therapeutic interventions.





Keywords: cytotoxicity, granzyme B, neuroinflammation, neurodegeneration, MS treatment



Introduction

Multiple sclerosis (MS) is an autoimmune-mediated demyelinating disease of the central nervous system (CNS). Early evidence showed the presence of CD8+ T lymphocytes in the cerebrospinal fluid (CSF) and in perivascular leukocyte infiltration from white matter in chronic and active MS lesions (1–5). Thus, since there are few natural killer (NK) cells compared with T cells in the CSF of MS patients (6) and also effector T populations may be even more potent than NK cells in releasing cytotoxic granules (7); the expression of cytotoxic-associated molecules such as serine-protease granzyme-B (GzmB), during MS, seems to almost be exclusively originating from CD8+ T lymphocytes. Interestingly, Runx3, which is a crucial transcriptional factor related to the expression of cytotoxic molecules in effector CD8+ T subsets (8, 9), is reported as an MS-associated gene (10). In parallel, neurons express the mannose-6-phosphate receptor (M6PR), responsible for internalizing GzmB, which then makes them vulnerable to cell death triggered by this protease. In vitro evidence suggests that serine-protease inhibitors can dampen neuronal cell death associated with GzmB internalization (11). Supporting these findings, it was shown that MS patients exhibit higher GzmB levels in the CSF during relapses that tend to persist higher at 1–3 months into clinical remission (12). Also, increased circulating T lymphocytes with the ability to express GzmB were found in the peripheral blood from relapsing-remitting MS (RRMS) patients treated with fingolimod (FTY), and particularly during relapses, when compared to RRMS patients without FTY (13). Similarly, massive infiltration of cytotoxic CD8+GzmB+ T lymphocytes was found in the CNS parenchyma from two MS patients who suffered fulminant relapses after natalizumab (NTZ) discontinuation (14, 15). On the other hand, regarding progressive MS courses, not only the CSF from secondary progressive MS (SPMS) patients showed in vitro neurotoxicity due to the expression of GzmB (16) but also cytotoxic CD8+CD57+ T lymphocytes seem to be present in inflamed meninges in these patients with rapidly progressive disease (4). Altogether, these findings reinforce that cytotoxic mechanisms derived from CD8+ T lymphocytes are pivotal drivers of CNS damage during MS (12, 17, 18).

Despite this, successful outcomes in the last few years by the use of anti-CD20 monoclonal antibodies (mAbs) (rituximab, ocrelizumab, or ofatumumab) reassessed the importance of B cells during both relapsing-remitting (RRMS) and progressive MS courses (4). Indeed, oligoclonal band (OCB) synthesis, compartmentalized clonal expansion, and increased levels of chemoattractants for B cells and/or plasma cells in the CSF (19–22) were extensively described in MS patients. Nevertheless, since the CD20 molecule is not expressed on pro-B cells or differentiated plasma cells, the beneficial effect of anti-CD20 treatment appears to be extended beyond autoantibody production and release. For instance, in the last few years, increasing evidence supports that B subsets can express and release anti- and pro-inflammatory cytokines, evidencing their antibody-independent functions during MS pathophysiology (23, 24). Considering it, in the present study, we evaluated whether CD19+ B subsets may also exhibit the capacity to express and release GzmB similarly resembling the cytotoxic activity described for T lymphocytes in RRMS patients.



Methods


Study Participants

A total of 104 RRMS patients [19 Untreated, 15 Glatiramer Acetate (GA), 24 Interferon-β (IFN), 14 FTY, and 32 NTZ], according to the McDonald criteria were recruited in the Neurology Clinic at the University of Campinas Hospital (UNICAMP). Also, 58 healthy subjects were included in the control group (Table 1). All subjects signed a term of consent approved by the University Committee for Ethical Research (CAAE: 53022516.3.0000.5404).


Table 1 | Demographic and baseline clinical characteristics of MS patients and controls.





Blood Sample Collection and Lymphocyte Separation

Peripheral blood (25 ml) samples were collected from RRMS patients and healthy volunteers. Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-Hypaque® gradient and resuspended after centrifugation on RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Then, PBMCs were used fresh or cryopreserved according to each experiment.



Flow Cytometry Analyses (FCA)

According to each experiment, PBMCs were stained with different anti-human mAbs: CD3-5.5 PerCP (clone SP34-2), CD3 BUV496 (clone UCHT1), CD8 PE (clone RPA-T8), CD8 BUV563 (clone RPAT8), CD19 FITC (clone HIB19), CD19 BV510 (clone SJ25C1), CD20 BV750 (clone 2H7), CD25 BUV805 (clone 2A3), CD27 BV711 (clone M7271), CD28 BUV737 (clone CD28.2), CD38 BB790 (clone HIT2), IgD BUV615 (clone IA6-2), CD45RA BB515 (clone HI100), CD56 APC-R700 (clone NCAM16.2), CD57 PECF594 (clone NK-1), CD94 BB630 (clone HP-3D9), CD127 BV650 (clone hIL-7R-M21), CD138 BB700 (clone MI15), CD150 BUV395 (clone A12), CD195 (CCR5) BB660 (clone 3A9), CD215 BV605 (clone JM7A4), T-bet BV786 (clone 04-46), RORγT BV421 (clone Q21-559), GzmB PE (clone GB11), GzmB Alexa700 (clone GB11) (all from BD Biosciences®), and Runx3-eFluor660 (clone R3-5G4) (eBioscience™). After incubation with specific antibodies against relevant surface molecules, PBMCs were fixed in BD Cytofix/CytoPerm solution for 30 min, washed with BD Perm/Wash buffer (BD Bioscience, San Diego, CA, USA), and then incubated overnight with intracellular markers. The acquisition was performed in FACSVerse® and FACSymphony® flow cytometers (BD Biosciences®), and the analysis used the FlowJo® software.



Isolating B Cells and In Vitro Stimulation

After the isolation from PBMCs using the EasySep® Human B Cell Enrichment Kit with EasySep® magnet, 2 × 104 B cells were stimulated for 16 h in culture, with CPG-ODN (2.5 μl/ml) and human recombinant IL-21 (50 ng/ml) according to the literature (25, 26).



Quantitative PCR

mRNA from isolated B cells was extracted using the RNeasy micro kit (QIAGEN) and reverse transcribed to cDNA. We used SYBR® Green manufacturer’s instructions (BioRad, USA) to assess the expression of GzmB [Forward (F): CCATCCATCCAAGCCTATAATCCTA, Reverse (R): CCTGCACTGTCATCTTCACCT], PRF1 (F: TGGAGTGCCGCTTCTACAGTT, R: GTGGGTGCCGTAGTTGGAGAT), and Runx3 (F: GAGTTTCACCCTGACCATCACTGTG, R: GCCCATCACTGGTCTTGAAGGTTGT). Data were normalized using a housekeeping gene HPRT (F: GACCAGTCAACAGGGGACAT, R: AACCTTCGTGGGGTCCTTTTC).



Cytometric Bead Array

A total of 50 µl of isolated and stimulated B-cell supernatants and solutions for calibration curve construction were incubated with beads containing mAbs to GzmB. After incubation for 2 h, revealing antibody conjugated to the fluorochrome PE was added. The acquisition was performed in FACSCanto (BD Bioscience®) flow cytometer, and the analysis used the FCAP Array software (BD Bioscience®).



Statistical Analyses

The statistical significance of the results was determined using a nonparametric analysis of variance (Kruskal–Wallis test) and a Mann–Whitney test (U-test). Dunn’s multiple comparison test was used as post-hoc of Kruskal–Wallis. The ROUT (Q = 1%)’ test was used to determine the presence of outlier values. p < 0.05 values were considered statistically significant.




Results


Granzyme B Expression in CD8+ T Lymphocytes From Relapsing-Remitting Multiple Sclerosis Patients

Flow cytometry analysis of PBMCs (Figure 1A) showed no differences in the percentage of circulating CD8+ T lymphocytes from RRMS patients when compared to healthy donors. Subgroups from untreated RRMS or treated patients (GA, IFN, FTY, and NTZ) also showed no differences in comparison with healthy volunteers (Figures 1B, C). However, an increased percentage of CD8+GzmB+ was found in the RRMS group vs. healthy donors (34.5 vs. 20.8, mean; 95% CI) (p < 0.0003) (Figure 1D). The expression of GzmB was also significantly higher in CD8+ T lymphocytes from patients treated with FTY (43.2, mean; 95% CI) (p = 0.0163) and NTZ (40.5, mean; 95% CI) (p = 0.0048) vs. healthy donors, but not in treated RRMS patients during first-line immunomodulatory therapies, GA and IFN (26.8 and 25.5, means; 95% CI) nor in untreated RRMS patients (31.9, mean; 95% CI) vs. healthy donors, respectively (Figure 1E). We then performed Uniform Manifold Approximation and Projection (UMAP) analyses in CD3+CD8+ T lymphocytes from untreated RRMS patients and treated RRMS patients during FTY or NTZ therapies. Various surface [CD25, CD27, CD28, CD38, CD45RA, CD56, CD57, CD94, CD127, CD150, CD195 (CCR5), CD215] and intracellular (RORγT, T-bet, Runx3) markers were used, aiming to concomitantly identify expression with GzmB. Using this strategy, we found senescent-associated markers such as CD28- and CD57+, and more broadly CD27- and CD94+, associated with GzmB expression in CD8+ T subsets from MS patients (Figure 1F). Upon confirming this, we assessed increased expression of GzmB in CD27- vs. CD27+ (57.0 vs. 22.0, mean; 95% CI) (p = 0.0003) (Figure 1G), CD28- vs. CD28+ (59.1 vs. 20.4, mean; 95% CI) (p < 0.0001) (Figure 1H), CD57+ vs. CD57- (70.4 vs. 14.4, mean; 95% CI) (p < 0.0001) (Figure 1I), and CD94+ vs. CD94- (62.9 vs. 21.3, mean; 95% CI) (p < 0.0001) (Figure 1J) markers of CD8+ T lymphocytes from RRMS patients. Moreover, heatmap analyses showed that CD27lowCD28low and CD27+CD28low compose almost the totality of CD8+ T subsets from the investigated RRMS patients. Similar frequencies of these subsets were found in untreated RRMS patients and also in treated RRMS patients during FTY and NTZ (Figures 1K, L).




Figure 1 | Cytotoxic CD8+ T lymphocytes in relapsing-remitting multiple sclerosis (RRMS) patients. (A) Gate strategy for total CD8+ and CD8+GzmB+ T lymphocytes from healthy donors, untreated RRMS, and treated [Glatiramer Acetate (GA), Interferon-β (IFN), Fingolimod (FTY), and Natalizumab (NTZ)] RRMS patients. (B) Proportion (%) of total CD8+ T lymphocytes in healthy donors (blue) and RRMS patients (red). (C) Proportion (%) of CD8+ T lymphocytes in healthy donors (blue), untreated RRMS (red), and treated RRMS patients (GA, IFN, FTY, NTZ) (red). (D) Proportion (%) of circulating CD8+GzmB+ T lymphocytes in healthy donors (blue) and RRMS patients (red). (E) Proportion (%) of circulating CD8+GzmB+ T lymphocytes in healthy donors (blue), untreated RRMS (red), and treated RRMS patients (GA, IFN, FTY, NTZ) (red). Bars represent mean values. Each column represents mean (95% CI). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (F) Uniform Manifold Approximation and Projection (UMAP) gated in CD3+CD8+ T lymphocytes from RRMS patients with different conditions non-identified and based on the Arcsinh-transformed expression of the markers. Gate strategy and proportion (%) of granzyme B (GzmB) derived from circulating (G) CD8+CD27+ vs. CD8+CD27-, (H) CD8+CD28+ vs. CD8+CD28-, (I) CD8+CD57+ vs. CD8+CD57-, (J) CD8+CD94+ vs. CD8+CD94- T lymphocytes in RRMS patients (red). Bars represent mean values. Each column represents mean (95% CI). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (K) Heatmap of the expression of the markers in subpopulations manually identified in CD3+CD8+ T lymphocytes from RRMS patients. (L) Barplot representing the frequency of each subpopulation in CD3+CD8+ T lymphocytes.





Granzyme B Expression in CD19+ B Cells From Relapsing-Remitting Multiple Sclerosis Patients

Flow cytometry analysis (Figure 2A) did not reveal differences in the percentage of total circulating CD19+ B cells between RRMS patients and healthy donors (Figure 2B), nor among RRMS subgroups, despite the tendency of diminished circulating CD19+ B cells in FTY-treated patients (Figure 2C). However, an increased percentage of circulating CD19+GzmB+ B cells was found in RRMS patients vs. healthy donors (13.6 vs. 1.8, mean; 95% CI) (p < 0.0001) (Figure 2D). The expression of GzmB was also significantly higher in CD19+ B cells from patients treated with FTY when compared to GA (25.7 vs. 2.9, mean; 95% CI) (p = 0.0124), untreated patients (2.5, mean; 95% CI) (p = 0.0059), and healthy donors (1.8, mean; 95% CI) (p < 0.0001). Similarly, CD19+GzmB+ B cells were significantly higher in NTZ-treated patients (25.8, mean; 95% CI) concerning the first-line immunomodulatory therapy GA (p = 0.0109), untreated patients (p = 0.0037), and healthy donors (p < 0.0001) (Figure 2E). Statistical differences were not observed in FTY and NTZ subgroups when compared to IFN-treated patients (4.4, mean; 95% CI). Resembling the strategy for CD8+ T lymphocytes, we performed UMAP analyses in CD3-CD19+ B cells from untreated RRMS patients and treated RRMS patients during FTY or NTZ therapies. B cell-associated surface markers (CD20, CD25, CD27, CD38, CD138, IgD), as well as intracellular Runx3, were used, aiming to identify B subsets with the ability to express GzmB. Thus, we found that main GzmB-expressing B subsets lack the expression of CD20 marker but strongly correspond to CD38+ activation marker and CD138+ plasma cells (Figure 2F). We also notice a strong expression of Runx3 in B cells that concomitantly express GzmB. Upon confirming this, we assessed increased circulating CD19+Runx3+ in RRMS patients when compared to healthy donors (51.4 vs. 14.8, mean; 95% CI) (p < 0.0001). Moreover, we observed increased circulating GzmB-derived CD19+Runx3+ when compared to CD19+Runx3- B cells from RRMS patients (42.4.8 vs. 6.9, mean; 95% CI) (p < 0.0001) (Figures 2G, H). Furthermore, including the previously mentioned markers, we were able to define distinct subsets of B cells in untreated and also in treated (FTY or NTZ) RRMS patients. Untreated RRMS patients mainly seem to exhibit CD20+ B subsets suggestive of antigen-activated switched memory phenotype (CD20+IgD-CD27+CD38-), non-classical plasma cells (CD20+CD138+), and CD20- subsets also with atypical memory features (CD20-IgD-CD27-CD38+/-). Almost total of B subsets from NTZ-treated patients were CD20+ in which approximately half of them exhibited naive phenotype (CD20+IgD+CD27-CD38+/-) followed by memory subsets (CD20+IgD-CD27-CD38+/-). Finally, FTY-treated patients exhibited almost all of the B subsets lacking CD20 expression, suggesting well-known defined plasma cells (CD20-CD138+) and a few suggestive of early plasmablasts or memory cells (CD20-IgD-CD27-CD38+) (Figures 2I, J).




Figure 2 | Cytotoxic CD19+ B cells in relapsing-remitting multiple sclerosis (RRMS) patients. (A) Gate strategy for total CD19+ and CD19+GzmB+ B cells from healthy donors, untreated RRMS, and treated [Glatiramer Acetate (GA), Interferon-β (IFN), Fingolimod (FTY), and Natalizumab (NTZ)] RRMS patients. (B) Proportion (%) of total CD19+ B cells in healthy donors (blue) and RRMS patients (red). (C) Proportion (%) of total CD19+ B cells in healthy donors (blue), untreated RRMS (red), and treated RRMS patients (GA, IFN, FTY, NTZ) (red). (D) Proportion (%) of circulating CD19+GzmB+ B cells in healthy donors (blue) and RRMS patients (red). (E) Proportion (%) of circulating CD19+GzmB+ B cells in healthy donors (blue), untreated RRMS (red), and treated RRMS patients (GA, IFN, FTY, NTZ) (red). Bars represent mean values. Each column represents mean (95% CI). *p < 0.05; **p < 0.01; ****p < 0.0001. (F) Uniform Manifold Approximation and Projection (UMAP) gated in CD3-CD19+ B cells from RRMS patients with different conditions non-identified and based on the Arcsinh-transformed expression of the markers. (G) Gate strategy for granzyme B (GzmB)-derived CD19+Runx3+ B cells. (H) Proportion (%) of GzmB-derived from circulating CD19+Runx3+ vs. CD19+Runx3- B cells in healthy donors (blue) and RRMS patients (red). (I) Proportion (%) of GzmB derived from circulating CD19+Runx3+ vs. CD19+Runx3- in RRMS patients (red). Each column represents mean (95% CI). *p < 0.05; **p < 0.01; ****p < 0.0001. (I) Heatmap of the expression of the markers in subpopulations manually identified in CD3-CD19+ B cells from RRMS patients. (J) Barplot representing the frequency of each subpopulation in CD3-CD19+ B cells. (K) Gate strategy for isolated CD19+ B cells. (L) Quantitative PCR for PRF1, GzmB, and Runx3 in isolated B cells from healthy donors (blue) and RRMS patients (red). (M) Concentration (pg/ml) of GzmB in supernatants of stimulated CD19+ B cells from healthy donors (blue) and RRMS patients (red). Each column represents mean (SEM). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





Release of Granzyme B by CD19+ B Cells Isolated From Relapsing-Remitting Multiple Sclerosis Patients

We sorted out CD19+ B cells to evaluate the in vitro cytotoxic activity (Figure 2K). After ODN-CPG and IL-21 stimulation, no differences regarding Perforin (PRF1), GzmB, or Runx3 mRNA expression were found between isolated B cells from RRMS patients and healthy donors (Figure 2L). However, supernatants of purified CD19+ B cells from RRMS patients presented significantly higher amounts of GzmB in comparison with CD19+ B cells from healthy individuals (368.9 vs. 15.1, mean; SEM) (p = 0.0145) (Figure 2M).




Discussion

Herein, we demonstrated that CD19+ B cells from RRMS patients share the ability to express serine-protease GzmB, similarly resembling classical CD8+ T lymphocytes.

Regarding T lymphocytes, we show here that RRMS patients exhibit an increased percentage of circulating CD8+GzmB+ T lymphocytes when compared to healthy volunteers. Moreover, treated RRMS patients, particularly FTY and NTZ subgroups, showed higher CD8+GzmB+ T lymphocytes than healthy subjects.

Enhanced cytotoxic behavior derived from T lymphocytes has been suggested as a mechanism for controlling latent Epstein–Barr virus (EBV) infection and preventing viral replication during MS (27). However, sustained cytotoxic CD8+ T cell activity would also be implicated in CNS lesions during disease. Indeed, infiltration of CD8+GzmB+ T lymphocytes that respond against EBV-infected B cells/plasma cells was recently found in the CNS lesions from two MS patients who died after suffering fulminant relapses following NTZ withdrawal (14, 28).

In addition, Cencioni et al. (4) showed that cytotoxic CD57+ T subsets occur in inflamed meninges from progressive MS patients and are negatively correlated with disease progression/age of death. Interestingly, higher expression of programmed death-1 (PD-1) in circulating CD8+CD57+ T lymphocytes correlates with disease stability. In vitro blockade of PD-1 enhanced the release of IFN-γ, Perforin, and GzmB by these terminally differentiated cytotoxic T subsets from MS patients (4).

According to previous reports (4, 29), RRMS patients in our cohort showed increased expression of GzmB in CD8+ T lymphocytes markedly associated with senescent T phenotype exhibiting CD27-, CD28-, CD57+, and CD94+ markers.

Indeed, diverse evidence suggests that cytotoxic subsets including those exhibiting senescent CD28- and CD57+ markers restrain the migration ability into inflamed tissues in response to chemokines and also to express and release GzmB and other pro-inflammatory cytokines supporting tissue damage in diverse conditions (30).

Considering this, in the last few years, these subsets seemed to have emerged as candidates for predicting disease worsening in several diseases. The prognostic value of CD4+CD28- T subset during MS was recently suggested for progressive disease (31). However, there is still a lack of studies investigating the potential of cytotoxic behavior in subsets other than T lymphocytes and its possible implications regarding different MS clinical courses/treatments.

On the other hand, the role of B cells during MS has been more deeply investigated in the context of antibody-independent functions. For instance, IL-21, which is known to promote B cell differentiation to memory and plasma cells in the presence of both BCR or Toll-like receptor (TLR) signaling and CD40L co-stimulation, may also promote GzmB-secreting B cells in the absence of CD40L co-stimulation (26, 32, 33).

Thus, considering that B cells may differentiate into GzmB-producing cells upon insufficient T cell help, herein, we have provided evidence that this phenomenon may occur during MS. Similar to CD8+ T lymphocytes, we found no differences in total circulating CD19+ B cells. However, our results show an increased percentage of circulating CD19+GzmB+ B cells in RRMS patients vs. healthy. Treated RRMS subgroup patients showed higher amounts of CD19+GzmB+ B cells during FTY and NTZ when compared to patients during first-line immunomodulatory therapy (GA), untreated RRMS patients, and healthy donors. We were able to assess which B-cell markers in CD3-CD19+ subsets were associated with the cytotoxic phenotype using flow cytometry high-dimensional analyses high-dimensional analyses. Accordingly, with previous literature, we observed that not CD20+ but CD38+ activated and CD138+ plasma cells seem to identify GzmB-expressing phenotype in B subsets (26, 34, 35). Moreover, Runx3, a master regulator associated with cytotoxic behavior in CD8+ T lymphocytes (8, 9) positively correlated with the GzmB-expressing phenotype.

As previously suggested by De Andrés et al. (36), these results reinforce a possible antibody-independent pathophysiological mechanism derived from B-cell subsets with the ability to express GzmB during MS. Beyond this, and considering the clinical efficacy of both FTY and NTZ, we may hypothesize that cytotoxicity may represent or even coexist with other tolerogenic functions in B subsets. Resembling our MS cohort, similar percentages of circulating CD19+GzmB+ B cells, in the absence of IL-10 coexpression, were described during HIV infection (37). Also, regulatory activity of GzmB-derived circulating CD19+ B cells was suggested due to degradation of TCR-ζ–chain that promotes a significant decrease in T-cell proliferation (32, 37, 38). As our results suggest, by now, it seems that GzmB expression is mainly derived from CD20- B subsets with CD38+ and CD138+ markers. Indeed, beyond several changes regarding the total percentage of CD19+ B cells comprehending naive and memory phenotypes, as well as regulatory B subsets, increased circulating plasma cells were already described during highly effective MS treatments (39). Interestingly, reduced tumor necrosis factor (TNF)-α and enhanced interleukin (IL)-10 expression by B subsets were also reported during FTY. Yet, these regulatory IL-10-expressing B cells seem to be increased in the CSF from FTY-treated patients (24, 40).

It is noteworthy that despite CD20+ B cells being found in CNS lesions from different stages of the disease, many authors have proposed that B cells would take a later role in MS pathophysiology, since, in 2004, CD20+ B cells, CD138+ plasma cells, and follicular dendritic cells were described in tertiary lymphoid organs in inflamed meninges from progressive MS patients (5, 27).

Further investigation in progressive MS courses may identify whether or not GzmB-derived B cells occur during chronic disease pathogenesis. So far, cytotoxicity derived from B cells was shown to cause damage in oligodendrocytes and neurons (41, 42), eventually sustaining a silent and continuous CNS-restricted inflammatory process. Supporting this, anti-CD20 mAbs seem to be effective for managing progressive MS mainly during early disease course (24, 40, 43) and have also been suggested for mitigating the increased risk of relapses in RRMS patients after NTZ washout (44).

Thus, since anti-CD20 mAbs mainly deplete naive and memory B cells, preserving antibody-secreting (CD138+) plasma cells, cytotoxic behavior derived from CD20- B subsets would be preserved during these treatments. Further investigations of cytotoxic behavior in CD19+ may address, for instance, eventual important mechanisms associated with the clinical efficacy of emerging anti-CD19 mAbs and oral drugs targeting Bruton’s tyrosine kinase (BTK) for MS patients (45).


Conclusions

Our findings collectively support that beyond classical CD8+ T subsets, CD19+ B cells may be an alternative source of lytic factors such as GzmB in the context of antibody-independent functions during MS.



Limitations

The size of cohort and the cross-sectional nature of our study did not allow us to understand the clinical relevance of our findings better. Although we were able to establish a strong correlation between Runx3 and GzmB expression, in vitro generation of cytotoxic B cells will be necessary to clarify the role of Runx3 expression in this subset.
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Background: Autologous haematopoietic stem cell transplantation (AHSCT) is highly effective in reducing new inflammatory activity in aggressive multiple sclerosis (MS). A remarkable decrease of serum neurofilament light chains (sNfL) concentration, a marker of axonal damage, was reported in MS following high-intensity regimen AHSCT, but hints for potential neurotoxicity had emerged. sNfL and brain atrophy were therefore analysed in a cohort of patients with aggressive MS treated with intermediate-intensity AHSCT, exploring whether sNfL might be a reliable marker of disability progression independent from new inflammation (i.e. relapses and/or new/gadolinium-enhancing MRI focal lesions).

Methods: sNfL concentrations were measured using SIMOA methodology in peripheral blood from relapsing-remitting (RR-) or secondary-progressive (SP-) MS patients undergoing AHSCT (MS AHSCT), collected before transplant and at months 6 and 24 following the procedure. sNfL measured at a single timepoint in SP-MS patients not treated with AHSCT without recent inflammatory activity (SP-MS CTRL) and healthy subjects (HD) were used as controls. The rate of brain volume loss (AR-BVL) was also evaluated by MRI in MS AHSCT cases.

Results: Thirty-eight MS AHSCT (28 RR-MS; 10 SP-MS), 22 SP-MS CTRL and 19 HD were included. Baseline median sNfL concentrations were remarkably higher in the MS AHSCT than in the SP-MS CTRL and HD groups (p = 0.005 and <0.0001, respectively), and levels correlated with recent inflammatory activity. After a marginal (not significant) median increase observed at month 6, at month 24 following AHSCT sNfL concentrations decreased compared to baseline by median 42.8 pg/mL (range 2.4–217.3; p = 0.039), reducing by at least 50% in 13 cases, and did not differ from SP-MS CTRL (p = 0.110) but were still higher than in HD (p < 0.0001). Post-AHSCT AR-BVL normalised in 55% of RR-MS and in 30% of SP-MS. The effectiveness and safety of AHSCT were aligned with the literature.

Conclusion: sNfL concentrations correlated with recent inflammatory activity and were massively and persistently reduced by intermediate-intensity AHSCT. Association with response to treatment assessed by clinical or MRI outcomes was not observed, suggesting a good sensitivity of sNfL for recent inflammatory activity but low sensitivity in detecting ongoing axonal damage independent from new focal inflammation.

Keywords: hematopoietic (stem) cell transplantation (HSCT), multiple sclerosis, neurofilament light (NfL), biomarker, brain atrophy, PIRA, progression independent of relapse activity


INTRODUCTION

Autologous haematopoietic stem cell transplantation (AHSCT) is a treatment option for a selected population of patients with aggressive multiple sclerosis (aMS), endorsed as “standard of care” for treatment-refractory relapsing MS (1, 2). AHSCT virtually eradicates new inflammatory activity in MS, and its risk-benefit ratio is highly favourable in early inflammatory phases of the disease (relapsing-remitting, RR-), whereas efficacy in secondary-progressive (SP-) MS is still controversial and long-term stabilisation of disability is achieved only in a moderate proportion of cases (3).

Neurofilament light chain (NfL) concentrations, which can be reliably evaluated in cerebrospinal fluid (CSF) and serum, are associated in MS patients with inflammatory activity, disability accrual, and accelerated brain atrophy; serum NfL (sNfL) has been proposed as a useful biomarker for treatment monitoring (4–6). A remarkable decrease in NfL levels was recently reported in paired CSF and serum samples of aMS treated with high-intensity conditioning AHSCT (7), but a possible transient neurotoxic effect of this protocol was suggested by a temporary increase in NfL detected shortly after the procedure (8). Similarly, hints of potential neurotoxicity of high-intensity conditioning AHSCT emerged from other studies (9, 10), but no data are available so far on intermediate-intensity regimens AHSCT. We hence present the results of a monocentric study evaluating the effect of intermediate intensity regimen AHSCT on sNfL and brain atrophy in aMS, exploring whether in this cohort sNfL might be a reliable marker of disability progression independent from new focal inflammation, thus identifying MS patients non-responding to the procedure.



MATERIALS AND METHODS


Patient and Control Populations
 
MS AHSCT

RR-MS or SP-MS patients diagnosed according to the Poser and Mc Donald criteria (11–13) who had been enrolled in an open-label monocentric study of AHSCT in Florence and who had frozen-stored serum samples previously collected at pre-defined timepoints (baseline, i.e. before haematopoietic stem cells mobilisation, months 6 and 24 after transplant) were included as the MS AHSCT group, according to the inclusion/exclusion criteria of the transplant centre. Briefly, RR-MS patients were considered for the procedure if they showed highly active MS despite treatment with disease-modifying treatments (DMTs) (i.e. occurrence of a disabling relapse or of at least two clinical relapses in the year prior to enrolment, associated with signs of new focal inflammatory activity at brain MRI in the previous year); or had history of highly active disease and scheduled withdrawal of a second line DMT. SP-MS were included if they had experienced a confirmed EDSS worsening in the previous year coupled with clinical or radiological evidence of new inflammatory activity in the year prior to inclusion (signs of new inflammation were not required if receiving active treatment). The main exclusion criteria were the following: primary progressive MS, pregnancy or other medical conditions that could contraindicate AHSCT, acute infections, malignancies, relevant comorbidity (e.g. liver disease, kidney failure, …), inability to provide adequate informed consent to participate to the study. Treatments were performed between 2007 and 2018 at the Cellular Therapies and Transplant Unit of the Careggi University Hospital in Florence, Italy, in collaboration with the Tuscan Region MS Referral Centre of the same hospital. Briefly, mobilisation of haematopoietic stem cells was obtained with IV cyclophosphamide (4 g/m2) and granulocyte colony-stimulating factor. The conditioning regimen used was BEAM+ATG, an intermediate intensity regimen according to the EBMT classification (2), for all the patients except for two individuals who received either melphalan-carmustine-ATG or BEAM without melphalan and ATG for safety issues. Standardised haematological and neurological evaluations were performed at baseline, at months 6 and 12 after transplant and then yearly. Disability was assessed as Expanded Disability Status Scale (EDSS) (14) worsening (i.e. occurrence of one single episode of EDSS deterioration, defined as an increase of at least 1.0 or 0.5 EDSS point if baseline EDSS was <5.5 or ≥5.5, respectively) and continuous disability accrual (CDA, i.e. at least two confirmed episodes of EDSS worsening associated with continuous progression of disability between timepoints), as previously reported (15). Baseline, 6-month and 24-month samples were available for 37, 33 and 37 cases, respectively. sNfL measurement at all the timepoints was available for 31 patients.



Control Groups

In order to explore the accuracy of sNfL concentration in detecting axonal damage independent from new focal inflammation, SP-MS patients without signs of recent inflammatory activity (relapses and/or gadolinium-enhancing—Gd+–brain lesions in the 6 months before the collection of the serum sample), of age similar to the AHSCT SP-MS cases at month 24 after treatment were included (SP-MS CTRL). In addition, people not affected by any neurological disorders (healthy controls—HD) were included as normal controls. Serum samples in these two control groups were collected at one timepoint only and frozen-stored until their utilisation.




Laboratoristic and MRI Assessments
 
sNfL Measurement

sNfL were measured using single-molecule array (SIMOA) technology in cryopreserved serum samples stored in the same conditions; a quantification in duplicate was performed according to the manufacturer's instructions (16). Variation in absolute values within 20% was considered as not significant.



Magnetic Resonance Imaging Analysis

Brain magnetic resonance imaging (MRI) was performed at baseline, and then at least yearly up to the last follow-up. An additional scan at month 6 following AHSCT was available for a subset of cases.

MRI inflammatory activity was defined as the occurrence of new T2 lesions and/or Gd+ lesions in a follow-up brain MRI, compared to the baseline scan. T2 lesion load was evaluated using MIPAV software. Two-timepoint percentage brain volume change was estimated using the Structural Image Evaluation using Normalisation of Atrophy (SIENA) methodology (17, 18); whole brain volume at a timepoint (normalised for subject head size) was calculated with SIENAX, FSL-suite. The annualised rate of brain volume loss (AR-BVL) was then calculated as follows: (PBVC/100+1)∧(365.25/days)−1)*100, where PBVC is the percentage brain volume change obtained with SIENA; AR-BVL was calculated up to last available MRI. A brain volume change >-0.4%/year was considered pathological, according to normative data (19).




Aims of the Study

The main aim of the study was to explore the impact of intermediate-intensity regimen AHSCT on sNfL in aMS patients, exploring if AHSCT could reduce sNfL to levels similar to SP-MS patients without signs of recent focal inflammation, or to healthy controls. As exploratory endpoint, potential correlations between response to AHSCT and sNfL were analysed, investigating whether in MS AHSCT treated patients sNfL could be a marker of disability accrual independent from new focal inflammation.



Statistical Methods

Baseline characteristics of the cases are reported as median and range, or as mean and 95% CI, as appropriate. Non parametric tests were adopted to compare baseline characteristics between groups (Mann-Whitney test for continuous and Chi-square test for dichotomic variables). Correlation between sNfL concentration and the other variables were explored using partial correlation after adjusting for age at the sample. Event-free survival was estimated using the Kaplan–Meier survival analysis. A Cox regression model was adopted to explore the effect of baseline variables on the outcomes. The statistics software used were SPSS (IBM SPSS Statistics, RRID:SCR_019096) version 25 and Origin Pro for Windows. A two-tailed p-value < 0.05 was considered significant.




RESULTS


Patient and Control Group Characteristics

Thirty-eight aMS patients (28 RR-MS and 10 SP-MS) treated with AHSCT were included (MS AHSCT). Twenty-two SP-MS patients not treated with AHSCT and 19 healthy individuals (68% females) were included in the SP-MS CTRL and HD groups, respectively. Baseline clinical and demographic characteristics of MS patients included in the study are reported in Table 1. In the AHSCT group, age at baseline was similar to that of HD (median 35 years, range 20–57, vs. median 36 years, range 26–65, respectively; p = 0.260); the median age in the SP-MS AHSCT group at 24 months serum collection was similar to that of the SP-MS CTRL group (median 45, range 28–59, and median 49.5, range 33–64, respectively; p = 0.070).


Table 1. Baseline clinical and demographic characteristics of the MS patients included in the study.
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At baseline serum collection (corresponding to pre-mobilisation for AHSCT patients, and to the single blood sample available for cases in the control groups), SP-MS AHSCT and SP-MS CTRL groups differed in the following characteristics: age (p = 0.039), disease duration (p = 0.010) and disability accrual rate (p = 0.044, Table 1).

At baseline serum collection, 25/38 (66%) patients in the AHSCT group were receiving DMTs, either second-line (n = 22) or first-line ones (n = 3); the remaining cases were off-treatment and had discontinued DMTs a median of 5.5 months (range 1–42) before transplant. In the SP-MS CTRL group, 13/22 (59%) patients were receiving DMTs at the time of sample collection (a second-line treatment in nine cases), while the remaining nine patients had been off-treatment for at least 6 months (median 11.5 months, range 7–84; data not shown).



sNfL Concentration Analysis
 
sNfL Concentration in the Control Groups

Median sNfL concentration was higher in the SP-MS CTRL group than the HD group, being 10.25 (5.2–22.6) pg/mL and 6.4 (4.0–18.4) pg/mL, respectively, p = 0.003 (Figure 1). No differences were observed between SP-MS CTRL patients who were receiving DMTs at the time of blood sampling and those who were not: 9.39 (range 5.2–12.4) pg/mL and 11.2 (range 7–22.7) pg/mL, respectively (p = 0.235; data not shown). A moderate correlation between sNfL concentrations and age at sample was observed in both groups, with r=0.56 in SP-MS CTRL (p = 0.007) and r = 0.46 in HD (p = 0.045; data not shown).
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FIGURE 1. Intermediate-intensity autologous haematopoietic stem cell transplantation reduces serum neurofilament light chain concentrations in treated MS patients. Serum neurofilament light chain (sNfL) concentrations in patients affected by aggressive relapsing-remitting (RR-) or secondary-progressive (SP-) multiple sclerosis (MS) before (T 0) and at months 6 (T 6) and 24 (T 24) following autologous haematopoietic stem cell transplantation (AHSCT, n = 38), compared with inactive SP-MS patients (i.e. without signs of recent clinical or radiological disease activity, SP-MS CTRL, n = 22) and with healthy individuals (HD, n = 19). (A) Overall MS AHSCT cohort. In AHSCT patients, baseline values of sNfL (median 13.4 pg/mL, range 4.4–229) were higher than in both SP-MS CTRL and HD groups (median 10.25 pg/mL, range 5.2–22.6, and median 6.4 pg/mL, range 4.0–18.4, p = 0.005 and <0.0001, respectively). SNfL at month 6 after transplant did not change compared to baseline (p = 0.427), but at T24 a reduction compared to baseline was observed (p=0.039), reaching levels similar to SP-MS CTRL (p = 0.110) but being still higher than in HD (p < 0.0001). (B) RR-MS and SP-MS AHSCT subgroups. At baseline, sNfL concentration in RR-MS cases was higher than in SP-MS CTRL (p = 0.001) and HD groups (p < 0.0001), whereas SP-MS AHSCT cases showed sNfL levels different from HD only (p = 0.040). SNfL concentrations at month 24 were reduced compared to baseline in the RR-MS AHSCT group (n = 28; 11.7 pg/mL, range 4.6–51.9, and 15 pg/mL, range 4.9–229, respectively; p = 0.042), whereas they did not differ from baseline in the SP-MS AHSCT group (n = 10; 10 pg/mL, range 2.0–17.3, and 10.8 pg/mL, range 4.4–42.8, respectively; p = 0.721). sNfL at month 24 were higher in RR-MS AHSCT cases compared both to SP-MS CTRL (p = 0.049) and HD (p < 0.0001); in SP-MS AHSCT group, values were higher than HD (p = 0.024).




Baseline sNfL Concentrations in the MS AHSCT Group

In AHSCT patients, median sNfL concentration at baseline was 13.4 (range 4.4–229) pg/mL (Figure 1A), being 15 (range 4.9–229) pg/mL in RR-MS and 10.8 (range 4.4–42.8) pg/mL in SP-MS cases (Figure 1B). Median sNfL at baseline were higher in the MS AHSCT group compared to the SP-MS CTRL and HD groups, both considering the whole AHSCT cohort (p value 0.005 and < 0.0001, respectively; Figure 1A) and the RR-MS AHSCT subgroup (p = 0.001 and < 0.0001, respectively; Figure 1B). In the SP-MS AHSCT subgroup, median baseline sNfL concentration was similar to that of the SP-MS CTRL group (p = 0.665; Figure 1B) but it was higher than in HD (p = 0.040).

No differences in baseline sNfL were observed between MS AHSCT patients who were receiving DMTs at the time of baseline sample collection and those who were not (13.6 pg/mL, range 4.9–137, and 12.4 pg/mL, range 4.4–229, respectively, p = 0.404; data not shown). sNfL concentrations at baseline correlated with clinical and/or MRI markers of recent inflammatory disease activity (Table 2).


Table 2. Correlation between serum neurofilament light chain levels at baseline and clinical-radiological characteristics of the MS AHSCT patients corrected for age at sampling.
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sNfL Variation Following AHSCT

In the MS AHSCT group, median sNfL concentration at month 24 (11.3 pg/mL, range 2.0–51.9) was remarkably reduced compared to baseline (p = 0.039), whereas levels at month 6 (17 pg/mL, range 6.9–49.7) did not differ from baseline (p = 0.427; Figure 1A). At month 24, median sNfL concentration in the MS ASHCT group was similar to that of the SP-MS CTRL group (p=0.110), but it was still higher than in HD (p < 0.0001; Figure 1A). Variation of individual values of MS AHSCT patients are reported in Figure 2. A median decrease by 13% (median 42.8 pg/mL, range 2.4–217.3) of the baseline value was observed, which was by at least 50% in 13 patients (10 RR-MS, 3 SP-MS), reaching up to 90% in four cases.


[image: Figure 2]
FIGURE 2. Variation in serum NfL following AHSCT. Individual values of pre- and post-AHSCT sNfL for RR-MS (left) and SP-MS AHSCT patients (right) are connected with solid colour lines. Mean values of each group are connected with a dotted line, showing high sensitivity of the mean to the outliers with a significant reduction in the RR-MS group at months 6 (20.23 pg/mL) and 24 of follow-up (14.33 pg/mL) compared to baseline (45.06 pg/mL), p values 0.012 and 0.010 for month 6 and 24, respectively.


In the RR-MS AHSCT subgroup, median sNfL concentrations were reduced at month 24 (11.7 pg/mL, range 4.6–51.9) compared to baseline (15 pg/mL, range 4.9–229; p = 0.042) (Figure 1B).

In the SP-MS AHSCT subgroup, sNfL levels at months 24 (10 pg/mL, range 2.0–17.3) were similar to baseline (10.8 pg/mL, range 4.4–42.8; p = 0.721) (Figure 1B).

A remarkable elevation in sNfL at month 24 (51.9 pg/mL) compared to month 6 (22.7 pg/mL) was observed in one single case (RR-MS) who had experienced a clinical and radiological disease reactivation (i.e. relapse associated with occurrence of new Gd+ lesions at brain MRI) 2 months before the blood sample collection. This patient had received BEAM without melphalan and ATG for safety issues.

Baseline sNfL concentrations correlated with those at month 6 (r = 0.56, p = 0.001), but not with 24-months values (p = 0.547; data not shown).




Relapses and Disability Following AHSCT

ARR dropped from 1.13 in the two years before AHSCT to 0.0054 up to the last follow-up after transplant (median 49 months, range 24–153). All the cases except for one were relapse-free up to the last follow-up, being relapse-free survival from year 2 to last follow-up 97%. At month 24, EDSS worsening was observed in 8/38 cases (21%, 1/28 RR-MS−4%, and 7/10 SP-MS−70%, p < 0.0001), occurring at a median of 10 months (2–24) after the procedure. One additional worsening was reported in one SP-MS case at month 66. Four aMS patients (all SP-MS) experienced CDA and the second confirmed episode of progression was reported at a median of 27 months (range 25–37) of follow-up. In the RR-MS subgroup, EDSS improved at last follow-up in 13/28 (46%) cases, stabilised 14/28 (50%) and worsened in 1 case (4%). Median EDSS in the RR-MS AHSCT subgroup improved at all the timepoints following AHSCT compared to baseline (p < 0.005, Figure 3), with a confirmed decrease up to −4.0 EDSS points. Following AHSCT, a slight deterioration of disability was observed in the SP-MS subgroup, which was significant at month 24 compared to baseline (p = 0.047; Figure 3), being the median worsening of 1.0 EDSS point (range 0.5–1.5).


[image: Figure 3]
FIGURE 3. EDSS change following AHSCT. In the RR-MS AHSCT subgroup, EDSS decreased compared to baseline at each timepoint (p <0.005), whereas in the SP-MS AHSCT subgroup, median EDSS increased compared to baseline at month 24 after AHSCT (p = 0.047).




Safety

No fatalities or life-threatening complications were observed; common adverse events following transplant were aligned with the literature (20).



MRI Activity and Brain Atrophy

One case (RR-MS) showed new Gd+ lesions at month 22, associated with clinical relapse. All the remaining cases were free from both new and Gd+ lesions up to the last follow-up.

Brain volume loss after transplant was evaluated in 32 patients (22 RR-MS and 10 SP-MS) who had scans of adequate quality to perform the analysis. Mean PBVC was −1.15 (95%CI −1.55, −0.75) and −1.56 (95%CI −2.04, −1.09) at months 12 and 24, respectively (Figure 4A). MRI scan at month 6 following AHSCT was available for 18 cases (14 RR-MS, 4 SP-MS), and mean PBVC at this timepoint was −0.6 (95%CI −1.02, −0.17). At year 2 following AHSCT, 15/32 cases (47%) showed normalisation of AR-BVL, without re-baseline (median AR-BVL −0.24%, range −0.4–0.0); at this timepoint, the observed AR-BVL was within normal values for age (i.e. below−0.4%) in 55% of the RR-MS AHSCT and 30% of the SP-MS AHSCT cases analysed (p = 0.197, Figure 4B). The normalisation of AR-BVL did not correlate with EDSS worsening following transplant (data not shown). AR-BVL up to the last follow-up beyond year 2 (median 7 years, range 3–12) was available for eight RR-MS and five SP-MS cases and it normalised in 75% and 60% of the cases, respectively, p = 0.207 (Figure 4B).
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FIGURE 4. Brain atrophy following AHSCT. (A) Mean (95% CI) percentage of brain volume change (PBVC) in the first two years following AHSCT in the RR-MS and SP-MS AHSCT cases, compared to the baseline scan. The greatest reduction in PBVC was observed during the first year following AHSCT, followed by a reduction in AR-BVL. (B) Annualised rate of brain volume loss (AR-BVL) in RR- and SP-MS AHSCT cases at year 1, 2 and up to last follow-up available beyond year 2. The proportion of patients with normalisation of AR-BVL tended to be higher in RR vs. SP-MS cases and increased over follow-up.




Association Between sNfL Concentration and Outcomes

No correlations between sNfL concentrations either at baseline or follow-up and disability accrual or AR-BVL normalisation were observed. In the SP-MS AHSCT subgroup, baseline sNfL concentration did not predict subsequent disability accrual up to the last follow-up (HR 1.02, 95%CI 0.97–1.08, p = 0.442), nor did month 6 sNfL levels (HR 1.12, 95%CI 0.90–1.40, p = 0.306). sNfL concentration at month 24 did not differ between patients who had shown disability accrual within 24 months from AHSCT and those who had not (p = 0.299 for the MS AHSCT and 0.667 for SP-MS AHSCT groups; data not shown).

sNfL at month 24 did not correlated with T2 lesion load at the same timepoint (R −0.24, p = 0.187; data not shown).




DISCUSSION

sNfL concentrations were evaluated in 38 aMS patients who underwent intermediate-intensity AHSCT at our centre, and the results were compared with those detected in two control groups: SP-MS cases without recent inflammatory activity (i.e. relapses or new/Gd+ lesions in the previous 6 months) and individuals not affected by neurological diseases (HD). The main aim of the study was to assess the impact of intermediate-intensity AHSCT on sNfL in RR-MS and SP-MS patients undergoing the procedure, exploring whether transplant could induce a reduction in sNfL to levels similar to the control groups. The potential role of sNfL as a marker of disability accrual independent from new focal inflammation was also investigated in AHSCT treated MS patients.

Patients enrolled in the transplant program showed highly active disease, refractory to DMTs in most of the cases. The procedure was effective in halting relapses and new inflammatory MRI activity in all the patients except for one RR-MS, who relapsed at month 22, after being treated with BEAM without melphalan and ATG for safety issues.

SP-MS AHSCT patients had a more aggressive disease course than SP-MS CTRL, as expected for a selection bias due to the enrolment in the AHSCT program. Treatment with DMTs did not influence sNfL concentrations in our sample, both in the SP-MS CTRL and MS AHSCT groups, and two opposite explanations can be offered: the lack of recent inflammatory activity in all the cases in the SP-MS CTRL group and the occurrence of breakthrough disease activity despite treatment in the MS AHSCT group. Superimposed inflammatory activity which could overcome the small age-related increase in sNfL concentration might explain the lack of correlation between sNfL and age at sampling in the MS AHSCT group only (21).

Aligned with previous works (5), sNfL reflected recent inflammatory activity: values were higher in RR-MS compared to SP-MS patients, consistent with the differences in recent relapses and MRI activity between the groups. The transient although not significant increase in median sNfL concentration detected at month 6 after AHSCT might mirror transient neuronal damage with consequent release of NfL in the CSF and serum. However, the interpretation of these data is not univocal and two not mutually exclusive scenarios can be hypothesised: a transient neuro-toxic effect of the chemotherapy, or accelerated neuronal damage induced by a rapid suppression of inflammation. Potential neurotoxicity of AHSCT in MS patients was suggested by previous studies, which however were limited to high-intensity conditioning regimens only. An increase in serum neurofilament heavy chains was reported in SP-MS patients treated with cyclophosphamide and total body irradiation, a protocol no longer used due to safety concerns (10). More recently, a transient increase in sNfL was observed 3 months after busulfan-cyclophosphamide AHSCT, followed by a decrease to levels similar to baseline starting in month 6 (8). Albeit valuable, caution should be adopted in inferring these observations to intermediate- or low-intensity regimen AHSCT, and no evidence of neurotoxicity of these protocols is available so far. Furthermore, the observed increase in sNfL might be due to an MS-specific process rather than to a neurotoxic effect of the chemotherapy, i.e. the consolidation of baseline axonal damage in a CNS affected by inflammation could be the main driver of NfL release. If this latter hypothesis was true, the transient increase in sNfL observed could be an epiphenomenon of the glial scarring of MS lesions “de-activated” by the procedure. Potentially supporting this hypothesis, a transient increase in sNfL was reported in a proportion of MS patients receiving alemtuzumab at months 2–3 following either the first or second course of treatment (5/15 patients and 3/15 cases, respectively) (22). Finally, in either case, indirect proof of the ability of the drugs adopted during mobilisation and/or conditioning to cross the blood-brain barrier might be provided, thus suggesting that AHSCT might be effective also on compartmentalised inflammation. If this latter hypothesis is true, AHSCT could become a suitable treatment option for patients in progressive phases of MS with signs of ongoing compartmentalised inflammation, where the lack of effective approved DMTs is still an unmet clinical need.

Furthermore, potential pleiotropic effects of AHSCT have been suggested, such as a possible contribution to tissue repair mediated by putative trans differentiation of the graft in neural/glia cells and trophic/protective effects on CNS tissue, although further research is needed to explore this issue (23, 24).

The significant decrease of sNfL detected at month 24 compared to baseline confirms that the procedure exerts a long-standing effect in reducing inflammation-related axonal damage, at least in the RR-MS form, where the greatest reduction was observed. The amount of decrease in sNfL levels detected is similar to that previously reported in a cohort of patients treated with high-intensity AHSCT (7), suggesting that BEAM-AHSCT might be as effective as the former protocol in suppressing inflammation-related axonal damage. Notably, the great reduction in sNfL after transplant is remarkable considering that most of the MS AHSCT cases in the present cohort were receiving DMTs at the time of baseline sample collection, providing further evidence on AHSCT as an effective escalating therapy.

sNfL concentrations at month 24 did not differ between MS AHSCT cases and SP-MS CTRL, thus reflecting the resolution of new inflammatory activity in all the cases, except for one patient who experienced a disease reactivation. Indeed, this latter was the only case that showed a marked increase at month 24 compared to month 6.

Correlation between sNfL levels and disability accrual and brain atrophy has been reported in large cohorts of non-AHSCT treated MS patients (4, 25), whereas in the present study baseline sNfL were not able to predict response to AHSCT in terms of disability progression or brain atrophy, and sNfL reflected mainly new focal inflammatory activity. Although the small sample size could have prevented us from finding significant correlations, it could be speculated that this difference might be due, at least in part, to a different persistence of new focal inflammatory activity in untreated or various DMTs treated patients described in other studies (4, 25) and AHSCT-treated patients, being new focal inflammation virtually suppressed in these latter. It could be hypothesised that sNfL concentrations might correlate with prognosis in MS as long as new inflammation (relapses and/or new MRI lesions) is the main driver of disability accrual. Following AHSCT, the persistence of median values of sNfL higher than in HD could be explained by a background of axonal damage persisting in a subset of treated patients despite the suppression of new inflammatory activity, and possibly due to non-inflammation driven neurodegeneration or by compartmentalised inflammation not eradicated by AHSCT. However, the lack of correlation with clinical outcomes partially argues against this hypothesis, even if the study might be underpowered for this purpose. Moreover, the measurement of NfL in the serum, where values are considerably lower than in CSF, might have a low sensitivity to detect pathological release of small amounts of NfL promoted by neurodegeneration or smouldering inflammation, suggesting that sNfL might not be a sensitive surrogate marker of these latter phenomena in progressive disease.

In this study, the effectiveness of AHSCT on ARR and MRI activity was aligned with the literature (26–28). A significant improvement in median EDSS was observed in the RR-MS AHSCT subgroup, while disability progression occurred exclusively in SP-MS cases. AR-BVL was high during the first year following treatment and this could be due, at least in part, to pseudoatrophy, i.e. shrinking of brain tissue due to rapid resolution of inflammation and of the associated oedema. A normalisation of AR-BVL two years after transplant was observed in 15 out of 32 evaluable cases (47%), mostly RR-MS (12/15, 80%). The safety of the procedure was overall acceptable.

Our study has several limitations. First of all, the lack of a control group of active MS patients not undergoing AHSCT does not allow to compare the relative effect of AHSCT on sNfL; moreover, as MS AHSCT patients showed highly active disease before the enrolment, a regression to the mean could, at least in part, influence the reduction in sNfL observed shortly after transplant. Despite broad experience in AHSCT for MS in our centre, the relatively small sample size could have prevented us from identifying significant correlations between sNfL and the outcomes. Furthermore, the lack of blood samples collected shortly after transplant could have underestimated a potential increase in sNfL occurring early after the procedure, as already pointed out by other authors (8), therefore no conclusive data on a potential neuro-toxicity of intermediate-intensity AHSCT in MS could be provided.



CONCLUSION

The present study provides class IV evidence on the efficacy of intermediate intensity AHSCT in inducing suppression of new inflammatory activity in aggressive MS, both on clinical and para-clinical parameters. The remarkable reduction in sNfL observed in aMS patients who were receiving DMTs at baseline strengthens the role of AHSCT as an effective escalating therapy, providing that the switch to transplant is performed timely before the occurrence of irreversible disability accrual. Further data are needed to properly answer the question as to whether an early (although not significant) increase in sNfL after AHSCT might harbour a neurotoxic effect of the procedure vs. consolidation of pre-existing axonal damage induced by a rapid suppression of inflammation.

In our sample, sNfL did not perform as a sensitive surrogate marker of inflammation-independent neurodegeneration but was reliably associated with recent focal inflammatory activity, and baseline levels could not predict response to treatment in terms of disability accrual or brain atrophy. The individuation of a biomarker that could identify MS patients in whom axonal damage is still related to inflammation (and could therefore be eradicated by maximal immunosuppression) is of pivotal importance to allow a better selection of the patients who might benefit from anti-inflammatory treatments, including transplant.
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Introduction

Alemtuzumab is highly effective in the treatment of patients with relapsing multiple sclerosis (PwRMS) and selectively targets the CD52 antigen, with a consequent profound lymphopenia, particularly of CD4+ T lymphocytes. However, the immunological basis of its long-term efficacy has not been clearly elucidated.



Methods

We followed up 29 alemtuzumab-treated RMS patients over a period of 72 months and studied the immunological reconstitution of their CD4+ T cell subsets by means of phenotypic and functional analysis and through mRNA-related molecule expression, comparing them to healthy subject (HS) values (rate 2:1).



Results

In patients receiving only two-course alemtuzumab, the percentage of CD4+ lymphocytes decreased and returned to basal levels only at month 48. Immune reconstitution of the CD4+ subsets was characterized by a significant increase (p < 0.001) in Treg cell percentage at month 24, when compared to baseline, and was accompanied by restoration of the Treg suppressor function that increased within a range from 2- to 6.5-fold compared to baseline and that persisted through to the end of the follow-up. Furthermore, a significant decrease in self-reactive myelin basic protein-specific Th17 (p < 0.0001) and Th1 (p < 0.05) cells reaching HS values was observed starting from month 12. There was a change in mRNA of cytokines, chemokines, and transcriptional factors related to Th17, Th1, and Treg cell subset changes, consequently suggesting a shift toward immunoregulation and a reduction of T cell recruitment to the central nervous system.



Conclusions

These data provide further insight into the mechanism that could contribute to the long-term 6-year persistence of the clinical effect of alemtuzumab on RMS disease activity.
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Introduction

Alemtuzumab, a monoclonal antibody that targets the CD52 antigen, is the first immune reconstitution therapy in Europe and the USA to be approved for patients with relapsing multiple sclerosis (PwRMS). Alemtuzumab administration determines a rapid and marked reduction in peripheral T and B lymphocytes, which express CD52 molecules at high levels on their membrane, due to antibody-dependent cell-mediated cytotoxicity, complement-dependent cytolysis, and induction of apoptosis (1) with a subsequent beneficial reconstitution of the immune system (2). The lack of CD52 expression on bone marrow-derived hematopoietic cells enables immune reconstitution, which is obtained over several months (3, 4), and return of immune competency (5). Specific immune repopulation patterns appear to be responsible for the long-term efficacy of alemtuzumab that persists even years after the last course of therapy: B lymphocytes recover first, followed by CD8+ and CD4+ T lymphocytes (2–6). As immune reconstitution proceeds, Tregs represent the majority of the T lymphocyte population and thus are believed to be one of the reasons for long-term alemtuzumab effectiveness (6–8).

We had previously organized a multicenter 24-month study (7) to analyze the changes in Th subsets, Treg proportion and function, and mRNA levels of cytokines and other immunologically related molecules in 29 patients from phase III trials CARE-MS I (3) and CARE-MS II (4). The data showed a different T cell repopulation among the CD4+ T cells: while the percentage of Th1 and Th17 cells did not have any relevant change, a significant increase in Treg cell percentage with restored suppressive function was observed at 24 months post treatment. Moreover, mRNA levels of pro-inflammatory and anti-inflammatory cytokines were downregulated and upregulated respectively following treatment, which may also favor the drug’s long-term efficacy in RMS (7, 9). In this paper, we herewith report the now complete long-term follow-up of 72 months focusing on the study of the CD4+ immune cell reconstitution in those 24 patients who had received the two classical alemtuzumab administrations at months 0 and 12, and studying the CD4+ immune cell reconstitution so as to compare it to the healthy subjects (HS).



Materials and Methods


Patients and Clinical Study Design

Twenty-nine PwRMS participating in CARE-MS I (3) and II (4) trials in 6 European MS centers were enrolled and evaluated at baseline and for 72 months after alemtuzumab treatment. Inclusion and exclusion criteria were described in the original articles (3, 4). Patients were treated with 12 mg/d IV alemtuzumab in 2 annual courses (5 administrations at month 0 and 3 administrations at month 12). Patients’ demographic and clinical characteristics are reported in Table 1. Neurologic assessments, performed by blinded investigators, were done at baseline and repeated every month or in case of relapses. Clinical data were collected in clinical research forms (CRF) and sent to the coordinating center located at the University of Torino. Blood samples were taken at baseline (before the first alemtuzumab course) and at months 6, 12 (before the second alemtuzumab course), 18, 24, 36, 48, 60, and 72. Fresh blood was collected in heparin-treated vacutainers and immediately sent to the coordinating center located at the University of Torino for immunologic testing. All samples were received and processed within 48 h from the blood withdrawal. Twelve sex- and age-matched healthy subjects were also enrolled from every center (rate cases/controls: 2:1).


Table 1 | Demographic and clinical data.





Standard Protocol Approvals, Registrations, and Patient Consents

The institutional review board of the participating centers approved the study, and all subjects gave written informed consent (protocol number Bio2009001).



Flow Cytometry (Fluorescence-Activated Cell Sorting)

We used the same methodology as the one employed in our previous study (7). Peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation from heparinized venous blood. PBMC were stained for Treg cells with anti-CD4, anti-CD25, anti-CD127, anti-CD45RO, and anti-CD45RA monoclonal antibodies (mAb) (BioLegend, San Diego, CA) on the cell surface. For detection of the transcriptional factor FoxP3, cells were fixed with fixation and permeabilization buffers (eBioscience, San Diego, CA). PBMC were cultured in Iscove’s modified Dulbecco’s medium (BioWhittaker, Walkersville, MD) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and stimulated for 5 h with phorbol 12-myristate 13-acetate PMA (50 ng/ml) and ionomycin (500 ng/ml) in the presence of brefeldin A (10 mg/ml, Sigma-Aldrich, St. Louis, MO). Cells were first stained for the surface antigen CD4 (BioLegend) and then fixed with 4% paraformaldehyde, permeabilized with 0.5% saponin, followed by intracellular staining with anti-IL-17 and anti-IFN-γ mAbs (BioLegend) (10, 11). Stained PBMC were acquired on a FACSCalibur (BD Biosciences, San Jose, CA) and analyzed with FlowJo software (Ashland, OR). For detection of Treg cells, stained PBMC were first gated on CD4 and CD25. CD4+CD25high T cells were analyzed for co-expression of FOXP3 and CD127low identifying CD4+CD25highCD127lowFOXP3+Tregs (Supplementary Figure 1A). Tregs were then analyzed for expression of CD45RA and CD45R0. For detection of Th17 and Th1 cells, stained PBMC were first gated on CD4 and then analyzed for IL-17 or IFN-γ production (Supplementary Figure 1B). Absolute values of Treg, Th17, and Th1 cells were calculated normalizing the percentage of CD25highCD127lowFOXP3+, IL-17-producing cells, and IFN-γ-producing cells on the CD4 T cell count obtained from complete blood count with formula and expressed as cells/μL of blood.



Cytokine mRNA Analysis

We used the same methodology as the one employed in our previous study (7). Aliquots (0.5 ml each) of blood were mixed with 1.3 ml RNAlater (Ambion, Life Technologies, Carlsbad, CA) immediately after arrival at the coordinating canter and stored at 280°C. To determine mRNA levels, samples were treated as previously described (12): RNA was extracted with the RiboPure Blood Kit (Ambion, Foster City, CA, USA) and cDNA obtained with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies, Monza, Italy) (12).

We assessed the mRNA levels of the following 26 immunologically relevant molecules whose function in MS has been documented by using TaqMan low-density arrays (Applied Biosystems 7900HT Real-Time PCR System) (12): molecules with pro-inflammatory function including IL-1b, IL-2, IL-6, IL-12, IL-17A, IL-17F, IL-21, IL-22, IL-23, IL-26, IFN-γ, T-box expressed in T cells (Tbet), retinoid-related orphan receptor g (RORC), tumor necrosis factor-a (TNF-α), C–C chemokine receptor type 3 (CCR3), CCR4, CCR5, CCR6, C–X–C chemokine receptor type 3 (CXCR3), C–X–C motif ligand 10 (CXCL10), C–C motif ligand 20 (CCL20), and very late antigen 4 (VLA4), and molecules with anti-inflammatory function, including IL-10, IL-27, transforming growth factor–b (TGF-β), and forkhead box P3 (FoxP3). Glyceraldehyde-3 phosphate dehydrogenase served as the housekeeping gene for normalization. The relative expression of each gene was calculated using the comparative threshold cycle method as directed by the manufacturer (User Bulletin No. 2, Applied Biosystems, Foster City, CA, USA) and expressed in arbitrary units as previously described in detail (7).



Enzyme-Linked Immunospot Assay

Antigen-specific IFN-γ and IL-17-producing cells and antigen-specific suppressor activity of Treg cells were assessed by enzyme-linked immunospot (ELISPOT) (eBioscience) at months 0, 12, 24, 36, 48, 60, and 72. We used the same methodology as the one employed in our previous study (7). To remove Treg cells from PBMC (PBMCCD25-), the CD25+ fraction was depleted using immunomagnetic beads (CD4+ CD25+ Regulatory T Cell Isolation Kit, Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of the depleted fraction was immediately analyzed by fluorescence-activated cell sorting (FACS) staining and ranged from 92 to 95%. 1 × 105 total PBMC or PBMCCD25- was seeded in 96-well ELISPOT assay plates (Millipore, Darmstadt, Germany) in triplicate and incubated for 48 h at 37°C either with myelin basic protein (MBP, 40 mg/ml, Sigma-Aldrich), with the purified protein derivative of tuberculin (PPD, 40 mg/ml, Sigma-Aldrich) as negative control, or with anti-CD3 and anti-CD28 mAbs (10 and 1 μg/ml, respectively) as an internal test control. IFN-γ-specific or IL-17-specific spots were counted by computer-assisted image analysis (Transtec 1300 ELISpot Reader; AMI Bioline, Buttigliera Alta, Italy). The number of IFN-γ or IL-17 spots produced spontaneously was subtracted from the number of spots produced by antigen-stimulated cells to obtain the number of IFN-γ and IL-17 antigen-specific spots in the PBMC or in the PBMCCD25-, as previously described (7). Median values for the triplicates, adjusted as the number of IL-17- and IFN-γ-producing cells/106 PBMC, were used.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 (La Jolla, CA) software. For the longitudinal follow-up, statistical significance was calculated concerning baseline and to HS by using one-way analysis of variance for repeated measures followed by the Bonferroni multiple-comparison post-test. The Pearson t-test was used to analyze the differences between groups. p values < 0.05 were considered statistically significant.




Results


Clinical Characteristics of the Cohort

This study represents the continuation of the one previously published (7). Thirteen patients experienced a total of 16 clinical relapses (at months 1, 9, 10, 12, 20, 25, 28, 29, 30, 36, 41, 70) which brought 5 patients to receive additional courses of the drug. The median of Expanded Disease Status Scale (EDSS) score did not change significantly during the 72-month follow-up (EDSS median score from 2 at baseline to 1, 7 at month 72). Secondary autoimmune thyroiditis occurred in 9 patients at months 24, 30, 36, 42, and 59.

Of the 29 patients recruited in this study, only patients who had received the “classical” two courses of alemtuzumab were analyzed in this new study (24 patients). Two patients, described in a different paper (13), were excluded from the analysis due to their atypical CD4+ T population behavior after alemtuzumab administration: they showed persistent disease activity despite repeated alemtuzumab treatment and, while lymphocyte count decreased and fluctuated according to alemtuzumab administration, their CD4+ cell percentage was not affected or was barely affected and was slightly below the lowest normal limit prior to alemtuzumab (13). The other 3 patients had been excluded as they had received a third course of alemtuzumab at month 30 or 36 due to a relapse.



Pro-Inflammatory Th17 and Th1 Cells and Their Related Molecules Decreased Persistently Throughout the 72 Months

As previously observed, the percentage of CD4+ T cells in the PBMC rapidly decreased after the first administration (7) course and returned to the lowest normal limit (LNL) only at month 48 (13), and this was maintained over months 60 (40.78 ± 2.97%) and 72 (39.37 ± 2.40%) where the LNL was 34 (Figure 1A). Within the CD4+ cell fraction, we did not observe any significant change in the percentage of pro-inflammatory Th17 and Th1 cells (defined by the production of IL-17 and IFN-γ, respectively, in the CD4+ T cell fraction) at any time point of the follow-up, when compared to HS (Figure 1B). However, the absolute number of circulating Th17 had significantly decreased after alemtuzumab (i.e., month 0: 1,100 ± 610; month 24: 380 ± 300; month 72: 410 ± 270 cells/ml) compared to the number obtained in HS (270 ± 210 cells/ml; Figure 1C upper panel). The absolute number of circulating Th1 had significantly decreased after alemtuzumab until month 48, compared to baseline (6,341 ± 3,182 at month 0 vs. 3,422 ± 1,581 cells/ml at month 48), but all the values assessed during the follow-up were not different from those of HS (5,292 ± 3,378 cells/ml; Figure 1C lower panel). To better evaluate the immune response involved in RMS, we also evaluated the antigen-specific response directed against MBP. One should note that MBP-specific IL-17-producing cells and IFN-γ-producing cells significantly decreased after alemtuzumab administration and were comparable (not statistically different) to HS starting from months 36 (2.85 ± 3.79 vs. 0.27 ± 0.64 IL-17 spots) and 12 (21.50 ± 23.47 vs. 1.1 ± 2.03 IFN-γ spots), respectively (Figure 1D).




Figure 1 | Pro-inflammatory Th17 and Th1 cells in the PB of PwRMS treated with alemtuzumab and in HS. (A) % of CD4 lymphocytes on total lymphocytes. (B) Th17 and Th1 cell (identified as IL-17-producing CD4+ T cells and IFN-γ-producing CD4+ T cells, respectively) percentage among the CD4+ fraction. (C) Absolute numbers of Th17 and Th1 cells circulating in the PB. (D) IL-17 and IFN-γ MBP-specific spots in the PBMC. Months after alemtuzumab administration and HS are indicated in the X-axis. Whiskers represent minimum to maximum values. Statistical significance (one-way ANOVA) was calculated with respect to month 0 (*p < 0.05; **p < 0.001; ***p < 0.0001) and to HS (§p < 0.05; §§§p < 0.0001, gray bars and dots). The arrows indicate infusion of alemtuzumab.



Accordingly, mRNA levels of pro-inflammatory cytokines produced by Th17 cells, IL-17A (14), IL-17F (14), IL-21 (15), IL-22 (11), IL-26 (16), and by Th1 cells, IFN-γ (17), and their related transcriptional factors, RORC (18) and Tbet (19), significantly declined to the values of HS at each time point of the follow-up when compared to baseline (Table 2). A similar behavior was observed for their chemokines and chemokine receptors, CCL20 (20) and CXCL10 (21), CCR6 (22), CCR5, and CXCR3 (23), involved in T cell recruitment into the CNS (Table 2). Alemtuzumab administration also reduced mRNA levels of cytokines known to guide Th17 [IL-1β (24), IL-6 (25), IL-23 (26)], and Th1 [IL-12 (27)] differentiation, but their levels remained higher compared to HS, suggesting that a pro-inflammatory environment could persist in these 24 patients.


Table 2 | mRNA levels of pro- and anti-inflammatory molecules evaluated at months 0, 12, 24, 36, 48, 60, and 72 after alemtuzumab administration and in HS.





Treg Cell Function Is Restored and Persists Throughout the 72-Month Follow-Up

As previously reported, a significant increase in Treg cell percentage (evaluated as CD4+ CD25high CD127low FoxP3+ cells) was detected at month 24 when compared to baseline (7). Afterward, the values of Treg cell percentage revert back to their basal levels which are similar to those observed in HS (i.e., month 36: 3.48 ± 1.48 in PwRMS vs. 2.55 ± 1.25% in HS; Figure 2A). This behavior is reflected by the Treg cell absolute count in the blood that, after an initial decrease at month 12, then reaches levels similar to HS as of month 24. Up to month 36, the majority of Treg cells exhibited a memory phenotype as indicated by the significant increase in the percentage of memory CD45RO+FoxP3+CD4+lymphocytes, accompanied by a relative contraction of the percentage of naive CD45RA+ FoxP3+CD4+ cells (Figure 2B). mRNA levels of Treg transcription factor FoxP3 (28), and of anti-inflammatory cytokines related to Treg subset IL-10, TGFβ (29), and IL-27 (30), had increased throughout all time points of the follow-up compared both to baseline and to HS (Table 2).




Figure 2 | Treg cells in the PB of PwRMS treated with alemtuzumab and in HS. (A) Treg cells percentage among the CD4+ fraction and absolute numbers in the blood. (B) Percentage of Treg cells expressing CD45RO and CD45RA. Statistical significance (one-way ANOVA) was calculated with respect to month 0 (**p < 0.001) and to HS (§§p < 0.001). (C) % of change of MBP-specific spots in the PBMCCD25- over PBMC after background subtraction of unstimulated PBMC or PBMCCD25-. (D) FoxP3 expression in Treg cells expressed as % of FoxP3 + on CD4 + CD25 + cells. Whiskers represent minimum to maximum values. Statistical significance (one-way ANOVA) was calculated with respect to month 0 (*p < 0.05; **p < 0.001; ***p < 0.0001) and to HS (§p < 0.05; §§p < 0.001; §§§p < 0.0001, gray bars and dots). Months after alemtuzumab administration and HS are indicated in the X-axis. The arrows indicate infusion of alemtuzumab.



Treg suppressor function was assessed by measuring the MBP-specific IL-17 and IFN-γ production in the PBMC both before and after CD4+CD25+ depletion. This method allowed us to test the presence of functional Treg cells also in months with high lymphopenia, through the increase in IL-17 and IFN-γ spot production by PBMCCD25-. Treg suppressor function, expressed as fold change over PBMC (Figure 2C), was restored at month 24 (as previously observed in 7) and persisted through to the end of the follow-up, even if their functions remain significantly lower compared to HS (Figure 2C and Supplementary Figure 2). Furthermore, the increase in suppressive capacity of Treg cells was confirmed both by FoxP3 expression in Treg cells (Figure 2D) and by the increase of FoxP3 mRNA levels in the blood (Table 2).



Correlation of Immunological Evaluation With Clinical Parameters

As thirteen PwRMS had one or more relapses during the follow-up, we wondered if some of the immunological parameters we had evaluated differed in “responders” (i.e., PwRMS that did not develop any relapses) versus “relapsing PwRMS” before starting alemtuzumab. Clinical data of these subgroups are reported in Table 3. Interestingly, we observed a significantly higher percentage of Th17 cells (1.76 ± 0.77 vs. 0.93 ± 0.38%), but not of Th1, and a low percentage of Treg (2.40 ± 1.05 vs. 3.70 ± 0.82%) cells in “relapsing PwRMS” compared to “responders” at month 0 (Figure 3A). In the same way, the Th17/Treg cell ratio was highest in “relapsing PwRMS” (Figure 3B). The same analysis was performed on the patient who developed secondary autoimmunity; a significant increase in the mRNA levels of IL-21 was detected at baseline in the subject who developed thyroiditis compared with subjects who did not develop secondary autoimmunity (Figure 3C).


Table 3 | Clinical data of responders vs. relapsing PwMS.






Figure 3 | Immunological features associated with relapses or autoimmunity. Th17, Th1, and Treg cell percentage among the CD4+ fraction (A) and Th17/Treg Th1/Treg cell ratios (B) evaluated at the baseline (month 0) in responder patients (white bars, n = 16) and in patients in which relapses occurred (relapsing patients, gray bars, n = 13). (C) mRNA levels of IL-21 in the blood of patients who developed autoimmunity (dashed bars; n = 9) and not (white bars; n = 20). Whiskers represent minimum to maximum values. *p < 0.05, Pearson t-test.






Discussion

Alemtuzumab is a recombinant humanized immunoglobulin G1 (IgG1) monoclonal antibody directed against the CD52 antigen, a small protein of undefined function (31) expressed at a high level on the surface of T and B lymphocytes, to a lesser extent on NK cells, monocytes, macrophages, and eosinophils, while it is absent or barely expressed in neutrophils, dendritic cells (DCs), and hematopoietic stem cells (32, 33). The specific repopulation pattern of T and B cells accounts for its long-term efficacy; furthermore, growing evidence suggests a rearrangement of the T and B cell network. Here, we investigated the numbers and function of the three main subsets of CD4+ cells in PwRMS patients in a 6-year follow-up study after the classical two cycles of alemtuzumab. Our results indicate that alemtuzumab’s long-lasting therapeutic effect is associated with a reconstitution of the CD4+ T cell subsets characterized by an initial expansion of memory Treg cells and mainly by a persistent restoration of their suppressive function, accompanied by a shift in the cytokine balance from inflammation toward immune tolerance.

Th17 cells, Th1 cells, and Treg cells are amply recognized as having a pivotal role in the pathogenesis and in the course of RMS (34). Myelin-reactive Th17 and Th1 cells are probably the main effectors involved in the final pathogenetic pathway (10, 35). On the other hand, Treg cells are believed to counteract Th1 and Th17 proinflammatory effects (36) and, in the context of autoimmune diseases, they possess plasticity and instability that allow them to acquire effector-like and tissue-specific properties (37). In our previous work, we observed that the number of Th17 cells and Th1 cells in the blood and the mRNA transcript of immunological molecules related to these subsets decreased at months 6, 12, 18, and 24 after alemtuzumab administration, when compared to baseline. This peculiar effect of alemtuzumab is maintained through to month 72, in agreement with other recent reports (38, 39). Furthermore, alemtuzumab brings the number of Th17 and Th1 cells back to those present in HS. In line with these results, also the mRNA levels of cytokines produced by Th17 and Th1 cells, of cytokines involved in their differentiation, of chemokines, and of chemokine receptors involved in their migration to CNS decrease after alemtuzumab administration, confirming that the long-term effect of alemtuzumab could rely on the reduction of both pro-inflammatory cytokines and T cell-recruitment into the CNS (7). However, mRNA levels of IL-1β, IL-6, TNF-α, IL-23, and IL-12 involved in Th17 or Th1 differentiation were higher compared to HS also after alemtuzumab administration. This phenomenon could relay in the peculiar ability of alemtuzumab to target specific immune cells. These cytokines are mainly produced by mature DCs that, in RMS, skew the immune response toward an autoreactive Th17 and Th1 phenotype (40). Thus, even though alemtuzumab treatment strongly depletes the pro-inflammatory T cells, this does not occur for DCs because of their low CD52 expression. A study by Gross and colleagues found a reduced number of circulating plasmacytoid-DC, a particular subset of DC able to elicit a pro-inflammatory immune response, at month 6 of alemtuzumab treatment, when compared to baseline, although the production of GM-CSF and IL-23 in these cells remained unchanged (41). In line with these observations, we could suggest an inflammatory persistence in these patients despite alemtuzumab. However, the mRNA amount of anti-inflammatory cytokines IL-10, TGF-β, and IL-27 is strongly upregulated and the ratio of pro/anti-inflammatory cytokines (not shown) significantly decreases after alemtuzumab and through to the end of the follow-up, indicating that, on the whole, alemtuzumab acts by shifting the immune response toward the production of anti-inflammatory cytokines. IL-27 production by DCs is an important inhibitor of Th17 and Th1 response (42). The production of the potent anti-inflammatory cytokine IL-10 by DCs is crucial for Treg induction. In the steady state, some of the peripheral Treg cells appear from peripheral CD4+CD25−FOXP3− T cells that are exposed to antigen in the presence of TGF-β as well as IL-10 without IL-6 or IL-1β, which promote the upregulation of FoxP3 (43). In the same way, the mRNA level of FoxP3, the master regulator of the regulatory pathway in the development and function of Treg cells, was upregulated after alemtuzumab, reaching its highest values at month 24 and maintaining similar value ranges through to month 72.

Of particular meaning and interest are the results concerning the Treg cells. Several studies have shown a preferential expansion of the CD4+CD25highCD127lowFoxP3+ Treg cells among the CD4+ cells at the early stage of recovery, reaching peak expansion at month 1 (6) and month 5 (38) and becoming significantly higher, compared to baseline, at month 24 (7). Our findings can now extend these observations to month 72, showing that the Treg cell percentage reverts back to its basal level, similar to the one observed in HS. They are mainly memory Treg cells that can specifically suppress the myelin-induced immune response starting from month 24, as in HS. These data show that the Treg cells increase in the CD4+ population occurs through homeostatic proliferation from the pool of lymphocytes that escape depletion rather than from new cells originating from non-depleted stem cells (6, 44, 45). Similarly, through classical Treg proliferation inhibition assay, other data showed a significant rebound proliferation at months 5 and 12 in PHA-activated PBMC depleted from the CD25 component (38) and the recovery of Treg cell competence at months 36 and 48 (44). Further evidence that supports the restoration of Treg cell suppressive ability was discussed by Gilmore and colleagues showing that the majority of Treg cells express CD39, an ectoenzyme able to promote and stabilize the functional capacity of Treg cells (38). Functional Treg cells can suppress pathogenic Th1 and Th17 responses, especially in the presence of high levels of IL-10 (46), which is also produced by Treg cells themselves. However, the reason why Treg cells recover their function to suppress autoreactive immune response during the repopulation period, as also occurs in HS, still needs to be investigated further, as it is unclear whether it is the result of an enhanced cytokine production on the part of the Treg cells themselves, rather than an altered composition and reactivity of repopulated CD4+ T cells that are more susceptible to regulation, or whether it is a combination of both.

Despite the fact that the primary objective of our study was to determine how CD4+ T cell subsets reconstitute after the administration of alemtuzumab, interestingly, data suggest that, although still early, there may be a role for Th17 and Treg cells in predicting the responsiveness of PwRMS to the treatment in question. The identification of immunological markers able to distinguish responding patients to the classical two courses of alemtuzumab from patients who will develop relapses, and therefore require further alemtuzumab infusions is one of the major challenges for neurologists when setting up the best therapy for their patients. The majority of papers addressing this concern have focused their studies on the identification of markers able to predict the appearance of clinical or radiological relapse (7, 38, 39). In all these reports, Th17 cells were shown to increase some months before the manifestation of the relapse, suggesting they are potential biomarkers. On the other hand, the percentage of Th17 cells in the PBMCs of our study is already higher at baseline in “non-responder” patients and is accompanied by a lower percentage of Treg cells, paving the way for further studies aimed at thoroughly immune profiling patients before starting the therapy. One of the major limitations of this study is indeed the relatively small number of subjects included. Nonetheless, our results represent a new piece of the puzzle concerning immunological reconstitution after alemtuzumab, and, piecing it all together with other similar ones, will be the basis for the correct design of further studies.

Summarizing therefore, our data confirm that the efficacy of alemtuzumab is associated with a reshuffle of the CD4+ immune response from pro- to anti-inflammatory, more or less in line with that of a healthy subject. Besides quantitative changes of the cell repertoire, qualitative alterations of CD4+ T cell subsets were also observed and can be described through two major phenomena: on the one hand, there is a durable decrease of the inflammatory pathways characterized by the disappearance of Th17 and Th1 self-reactive responses, the reduced expression of master regulator factors, and the cytokines related to those subsets and of chemokines and their receptor-connected to CNS recruitment. On the other hand, the restoration of Treg cell suppressor function and the increase of anti-inflammatory cytokines contribute to immune-tolerance promotion versus CNS antigens. Overall, this peculiar mode of action of alemtuzumab is reflected in its durable effect that is maintained for up to 6 years, without the need for further treatment during that period.
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Objective

To ascertain the role of inflammation in the response to ocrelizumab in primary-progressive multiple sclerosis (PPMS).



Methods

Multicenter prospective study including 69 patients with PPMS who initiated ocrelizumab treatment, classified according to baseline presence [Gd+, n=16] or absence [Gd-, n=53] of gadolinium-enhancing lesions in brain MRI. Ten Gd+ (62.5%) and 41 Gd- patients (77.4%) showed non-evidence of disease activity (NEDA) defined as no disability progression or new MRI lesions after 1 year of treatment. Blood immune cell subsets were characterized by flow cytometry, serum immunoglobulins by nephelometry, and serum neurofilament light-chains (sNfL) by SIMOA. Statistical analyses were corrected with the Bonferroni formula.



Results

More than 60% of patients reached NEDA after a year of treatment, regardless of their baseline characteristics. In Gd+ patients, it associated with a low repopulation rate of inflammatory B cells accompanied by a reduction of sNfL values 6 months after their first ocrelizumab dose. Patients in Gd- group also had low B cell numbers and sNfL values 6 months after initiating treatment, independent of their treatment response. In these patients, NEDA status was associated with a tolerogenic remodeling of the T and innate immune cell compartments, and with a clear increase of serum IgA levels.



Conclusion

Baseline inflammation influences which immunological pathways predominate in patients with PPMS. Inflammatory B cells played a pivotal role in the Gd+ group and inflammatory T and innate immune cells in Gd- patients. B cell depletion can modulate both mechanisms.





Keywords: multiple sclerosis, demyelinating diseases, ocrelizumab, B cells, biomarkers



1 Introduction

Multiple sclerosis (MS) is the most common demyelinating disease of the central nervous system (1). It induces demyelination, inflammation, and axonal damage, responsible for the permanent neurological deficits suffered by patients with MS (2). Primary progressive MS (PPMS) represents about 10-15% (3) of all MS cases and is characterized by a disease progression that remains continuous since disease onset (4), with or without concomitant visible inflammation by conventional MRI. Although many therapeutic options are available for relapsing remitting MS (RRMS), this is not the case for PPMS. Most of the anti-inflammatory drugs found useful for patients with RRMS are not effective among those with PPMS (5). However, the anti CD20 antibody rituximab showed efficacy in depleting cerebrospinal fluid and peripheral blood B cells in PPMS (6) and results of the OLYMPUS clinical trial suggested that B cell depletion could be effective in those PPMS patients exhibiting signs of inflammation as demonstrated by the occurrence of contrast-enhancing lesions at baseline on MRI (7). Recently, results of the ORATORIO clinical trial with ocrelizumab, a humanized anti CD20 antibody, showed that patients with PPMS responded to this drug, independent of the presence of clinically demonstrable inflammation (8), and it was approved for the treatment of PPMS patients. Ocrelizumab not only induces B cell depletion but modulates T cell compartment toward adopting a more tolerogenic status (9).

Therefore, we aimed to explore the mechanisms associated with favorable response to ocrelizumab in inflammatory and non-inflammatory PPMS cases, toward facilitating the early identification of ocrelizumab responders and revealing new putative therapeutic targets in PPMS.



2 Materials and Methods


2.1 Patients

This multicenter, prospective longitudinal study included 69 patients with PPMS diagnosed according to the McDonald criteria (10) who consecutively initiated ocrelizumab treatment in 13 Spanish University Hospitals. Patients were subdivided into four groups based on their inflammatory status (presence [Gd+, n=16] or absence [Gd-, n=53] of gadolinium-enhancing lesions at baseline) and their response to 1 year of ocrelizumab treatment. Non evidence of disease activity (NEDA) was defined as the absence of further Expanded Disability-Status Scale (EDSS) progression with no new MRI lesions at 1 year; in contrast, evidence of disease activity (EDA) patients as having at least one of the above-mentioned conditions. We considered patients as having an increase in the EDSS score when this was confirmed three months after the first assessment. The maximum gap between baseline MRI and treatment initiation was a month.



2.2 Sample Collection

Blood samples were collected in heparinized tubes immediately before (baseline) and 6 months after (before the second dose) ocrelizumab treatment. In both cases they were obtained the day Ocrelizumab was administered, just before initiating the infusion. Samples were then sent to the Immunology Department at Ramón y Cajal University Hospital (Madrid). Peripheral blood mononuclear cells (PBMCs) were isolated from 20 mL of heparinized whole blood as previously described (9) and cryopreserved in fetal bovine serum (HyClone Laboratories) supplemented with 10% DMSO (dimethyl sulfoxide) until further analysis. The samples collected at baseline and 6 months were analyzed simultaneously to avoid inter-assay variability. Serum samples were also collected and stored at -80°C while awaiting analysis. Total lymphocyte and monocyte counts were determined using a Coulter Counter from 10 mL of fresh EDTA-treated blood.



2.3 Monoclonal Antibodies

The monoclonal antibodies used in this study are listed in Supplementary Table 1. No differences were observed in plasmablast counts in any of the groups studied (Figure 1E; Supplementary Table 2).



2.4 Labelling Surface Antigens

Aliquots of 106 PBMCs were thawed by a 37°C thermostatic bath and washed twice in RPMI 1640 medium (Thermo Fisher Scientific). Samples were processed and stained as described (9) prior to being analyzed by flow cytometry.



2.5 In Vitro Stimulation and Intracellular Cytokine Staining

Thawed aliquots to analyze intracellular cytokine production were subdivided in three polypropylene tubes. To study cytokine production by monocytes, an aliquot of 3x105 PBMCs was resuspended in 1 mL of RPMI 1640 medium and incubated with 1 mg/mL lipopolysaccharide (from Escherichia coli O111: B4; Merck) in presence of 2 μg/ml Brefeldin A (GolgiPlug, BD Biosciences) and 2.1 μM Monensin (Golgi Stop, BD Biosciences) during 4 hours at 37°C in 5% CO2 atmosphere.

To study cytokine production by T and B cells (Except IL-10 producing B cells) an aliquot of 3x105 PBMCs was resuspended and incubated in 1 mL RPMI 1640 medium and stimulated with 50 ng/mL of Phorbol 12‐myristate 13‐acetate (PMA, Merck) and 750 ng/mL Ionomycin (Merck) in presence of 2 μg/ml Brefeldin A and 2.1 μM Monensin during 4 hours at 37°C in 5% CO2 atmosphere.

To identify IL-10 producing B cells, an aliquot of 3x105 PBMCs was preincubated in 1 mL RPMI 1640 medium with 3 μg/mL of CpG oligonucleotide (In vivoGen) during 20h at 37°C in 5% CO2 atmosphere. After this, it was stimulated with 50 ng/mL of Phorbol 12‐myristate 13‐acetate (PMA, Merck) and 750 ng/mL Ionomycin (Merck) in presence of 2 μg/ml Brefeldin A and 2.1 μM Monensin during 4 hours at 37°C in 5% CO2 atmosphere.

After incubation, the three aliquots were stained with the two-step protocol described previously (9). PBMCs were analyzed in a FACSCanto II flow cytometer (BD Biosciences).



2.6 Flow Cytometry

Cells were always analyzed within a maximum period of 1h after staining. Mean autofluorescence values were set using appropriate negative isotype controls. Data analysis was performed using FACSDiva Software V.8.0 (BD Biosciences). A minimum amount of 5x104 events were analyzed. We followed the strategy showed in Supplementary Figure 1 to identify the different subpopulations. We set a gate including cells with high to intermediate CD45 and low to intermediate side scatter and excluding debris and apoptotic cells. CD4 and CD8 T cells were classified as: naïve (CCR7+ CD45RO−), central memory (CM) (CCR7+ CD45RO+), effector memory (EM) (CCR7− CD45RO+), and terminally differentiated (TD) (CCR7− CD45RO−). Regulatory CD4 T cells (Treg) were defined as CD3+ CD4+ CD25hi CD127-/low. CD56 NK cells were classified as: NKT cells (CD3+ CD56dim), CD56dim NK cells (CD3- CD56dim) and CD56bright NK cells (CD3- CD56br). B cells were classified as: naïve (CD19+ CD38dim CD27-), memory (CD19+ CD27dim CD38dim), plasmablasts (CD19+ CD27hi CD38hi), transitional B cells (CD19+ CD27‐ CD24hi CD38hi) cells or regulatory B cells (Breg) (CD19+ IL-10+) cells. PD‐L1 was explored in monocytes by studying its co-expression with CD14 in PBMCs. We also explored intracellular production of IL-1β, IL-6, IL-10, IL-12 and TNFα by monocytes.IL-1β and TNFα represent innate cell activation, IL-12 induces Th1 responses, IL-6 represent innate cell activation and induces Th17 responses and finally, IL-10 is an anti-inflammatory cytokine. We also explored in CD4 and CD8 T cells the production of IFNγ and TNFα, products of Th1 response; IL-17, a product of the Th17 response; GM-CSF, which induces innate cell activation; and IL-10 that has a regulatory function. Finally, we explored B cells producing IL-6, a pro-inflammatory cytokine that induces Th17 cells; TNFα, an inflammatory cytokine; GM-CSF, inducing innate cell activation; and IL-10 a regulatory cytokine. Representative dot plots showing cytokine production by monocytes, B and T cells are shown in Supplementary Figure 2.



2.7 Flow Cytometry Analyses

We recorded for every leukocyte subset total cell counts per mL of blood, calculated by measuring total lymphocyte and monocyte numbers by a coulter counter, and the percentages of every subset over total mononuclear cells. To avoid bias due to B cell depletion, we also recorded the values of every T, B, NK and monocyte subset relative to total T, B, NK and monocyte cells, respectively.



2.8 Immunoglobulin and sNfL Quantification

Serum levels of immunoglobulins (IgG, IgA, and IgM) were measured by nephelometry using a DimensionVista analyzer (Siemens Healthcare Diagnostics) and serum neurofilament light chain (sNfL) levels were measured using the single molecule array (Simoa) NF-light® Assay (Quanterix).



2.9 Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8.0 software (GraphPad Prism Inc.). Wilcoxon matched pairs test was used to assess differences between the samples collected at baseline and after 6 months from the same patient. Mann-Whitney-U test was used to compare the subgroups of patients. P-values were adjusted using the Bonferroni correction and p-values less than 0.05 were considered statistically significant.

The association between NfL and age has been modelled using a Generalized Additive Model for Location, Scale and Shape (GAMLSS) model and age-normalized measures were obtained for each data point. Z score was used as a continuous measure for the number of standard deviations a given datapoint is above/below the mean in samples of healthy controls of the same age.



2.10 Ethical Considerations

Written informed consent was obtained from every patient prior to their inclusion in the present study, which was approved by the Ethics Committee of each center participating in this study.



2.11 Data Availability Statement

Any anonymized data collected for the purpose of this study will be shared with qualified investigators for 3 years from the initial publication of the study upon reasonable request to the corresponding author.




3 Results

Sixty-nine patients with PPMS (53% female) treated with ocrelizumab were included in this study. Age and disease duration [median (range)] were, respectively, 52.0 (33.0-71.0) and 9.2 (1.3-24.1) years and basal EDSS score was 5.5 (1.0-8.0). All patients were followed for 1 year. Fifty-one (73.9%) remained NEDA 1 year after ocrelizumab initiation. Using MRI data collected at baseline, we further classified the patients according to their inflammatory status into Gd+ (at least one Gd-enhancing lesion) and Gd- (no Gd-enhancing lesions) groups. Ten Gd+ (62.5%) and 41 Gd- (77.4%) patients were NEDA at the one-year follow-up. We found no significant differences between the four patient subgroups in terms of baseline clinical characteristics except for the MRI data (Table 1).


Table 1 | Baseline data and patient characteristics.



At baseline, few differences were found between Gd+ and Gd- patients (Supplementary Figure 3). sNfL levels were higher in Gd+ group, (p=0.019). Likewise, plasmablast numbers trended to be higher in this group of patients (p=0.029) but significance was lost after Bonferroni correction. By contrast, percentages of B naïve cells with respect to total CD19+ cells were higher (p=0.015) in Gd- patients. No differences were found between those Gd+ and Gd- patients in monocytes, T or NK cell subsets analyzed nor in intracellular cytokine production (data not shown).

We next explored differences in the PBMCs induced by ocrelizumab according to patient group after 6 months of ocrelizumab treatment by addressing its impact on the absolute numbers (Supplementary Table 2) and relative percentages (Supplementary Table 3) of each cellular subtype.


3.1 B Cells

As expected, after 6 months of treatment, ocrelizumab reduced the total numbers of B cells in all groups (Supplementary Table 2). After applying the Bonferroni correction, these differences remained statistically significant in the Gd+ NEDA group and the Gd- EDA and NEDA groups (Figure 1A and Supplementary Table 2). These differences were mainly due to decreased naïve and memory B cell numbers (Figures 1B, C, Supplementary Table 2). However, there was no statistically significant reduction in any B cell subpopulation in EDA patients in the Gd+ group (Supplementary Table 2). This may be partly due to the low number of patients included in this group. However, it should be noted that this patient subgroup had significantly more total (p=0.030) and transitional (p=0.030) B cells than the NEDA patients in the same Gd+ group at the 6-month follow-up (Figures 1A, D, respectively; Supplementary Table 2). This could also imply a more rapid B cell repopulation in this group. These differences were not observed in the Gd- patients (Supplementary Table 2).




Figure 1 | Changes in blood B cell subsets induced by ocrelizumab treatment. Total and B-cell subsets were obtained before (0M) and at 6 months (6M) of ocrelizumab treatment and classified based on their inflammatory status (presence [Gd+] or absence [Gd-] of gadolinium enhancing lesions at baseline) and response (optimal NEDA or suboptimal EDA) to treatment at one year of follow-up. N was 6, 10, 12 and 41 in Gd+ EDA, Gd+ NEDA, Gd- EDA and Gd- NEDA, respectively. Graphs showing changes in absolute numbers (cells/μL) of total CD19+ B cells (A), naïve B cells (B), memory B cells (C), transitional B cells (D), plasmablasts (E) and CD20 T cells (F). SD, Standard deviation. Bonferroni-corrected p-values are shown.



We next evaluated intracellular cytokine production in B cells. Again, after applying the Bonferroni correction, a drastic reduction in IL-10, IL-6, GM-CSF, and TNFα B cell numbers (Figures 2A–D, respectively, Supplementary Table 2) was observed in the Gd+ NEDA group and in both Gd- EDA and NEDA patients. However, this was not observed in Gd+ EDA patients, who at 6 months of follow-up showed increased numbers of B cells producing TNFα than NEDA patients of the same group (p=0.04, Figure 2D and Supplementary Table 2). At 6 months, B cell numbers were very low and thus establishing percentages respective to total B cells with such a small quantity of cells could result highly imprecise. Consequently, we decided not to analyze differences relative to total B cells percentages, contrary to what we did with the rest of the leukocyte populations.




Figure 2 | Changes in blood cytokine-producing B cells on ocrelizumab treatment. Cytokine-producing B cells were obtained before (0M) and at 6 months (6M) of ocrelizumab treatment and classified based on their inflammatory status (presence [Gd+] or absence [Gd-] of gadolinium enhancing lesions at baseline) and response (NEDA or EDA) to treatment at one year of follow-up. N was 6, 10, 12 and 41 in Gd+ EDA, Gd+ NEDA, Gd- EDA and Gd- NEDA, respectively. Graphs showing changes in absolute numbers (cells/μL) of IL-10 (A), IL-6 (B), GM-CSF (C), and TNFα (D)-producing B cells. IL, interleukin; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF, tumor necrosis factor alpha; SD, Standard deviation. Bonferroni-corrected p-values are shown.





3.2 T Cells


3.2.1 Total Cell Counts

We next studied the effect of ocrelizumab in the different T cell subpopulations after 6 months of ocrelizumab treatment. We only found significant differences in the CD20+ T cell subset. It decreased in all groups but after Bonferroni correction differences only remained significant in the Gd+ NEDA group and in both Gd- EDA and NEDA groups (Figure 1F and Supplementary Table 2). Results were similar when studied separately CD4+ and CD8+ subsets (Supplementary Figure 4).



3.2.2 Percentages Relative to CD4+ and CD8+ Subsets

No differences were observed in the Gd+ group (Supplementary Table 3). However, ocrelizumab treatment modified the T cell compartment in NEDA patients of the Gd- group. We found an increase in the proportion of naïve CD4+ T cells (p=0.004, Supplementary Table 3) accompanied by decreases in the percentages of TD (p=0.002, Supplementary Table 3) and EM (p=0.041, Supplementary Table 3) CD4+ T subsets related to the total CD4+ T cell population. Accordingly, we found increases in the naïve/EM (p=0.004, Figure 3A) and naïve/TD (p<0.0001, Figure 3A) ratios.




Figure 3 | Main changes in blood T cells after ocrelizumab treatment. T cells were obtained before (0M) and at 6 months (6M) of ocrelizumab treatment and classified based on their inflammatory status (presence [Gd+] or absence [Gd-] of gadolinium enhancing lesions at baseline) and response (NEDA or EDA) to treatment at one year of follow-up. N was 6, 10, 12 and 41 in Gd+ EDA, Gd+ NEDA, Gd- EDA and Gd- NEDA, respectively. Graphs showing changes in naïve/effector ratios of CD4 (A) and CD8 (B) T cells, and changes in percentage of IFNγ-producing CD8 T cells (C) relative to total CD8+ T cells. TD, terminally differentiated; EM, effector memory; IFN, gamma-interferon; SD, Standard deviation. Bonferroni-corrected p-values are shown.



We also found an increase in naïve CD8+ T cell percentages relative to total T CD8+ cells (p=0.031, Supplementary Table 3). Although, in this case, it was not associated with significant decreases in effector and TD subpopulations, again, NEDA patients showed an increase in the naïve/EM (p=0.011, Figure 3B) and naïve/TD (p=0.005, Figure 3B) ratios.

Finally, we studied the relative changes in intracellular cytokine production by CD4+ and CD8+ T cells. No differences were found in cytokine production from CD4+ T cells. However, in the Gd- group, the NEDA patients experienced a decrease in the proportion of CD8+ T cells producing IFNγ (p=0.004, Figure 3C and Supplementary Table 3) relative to the total CD8+ T cell population.

By contrast, no changes were observed in EDA Gd- group in any T cell subset after six months of ocrelizumab treatment. This suggests that the remodeling of the T cell compartment is important for the response to ocrelizumab in these patients.




3.3 Innate Immune Cells

An increase in the total monocyte counts was found in Gd- NEDA patients 6 months after ocrelizumab treatment with the differences being higher in the NEDA group (p=0.034, Supplementary Table 2). We next explored if this increase was associated with the total numbers of monocytes producing IL-1, IL-6, IL-10, IL-12, and TNF-alpha or expressing PD-L1. The only significant differences were found in PD-L1+ monocytes. Gd- NEDA patients experienced an increase of the numbers of this subset after ocrelizumab treatment (p=0.013, Supplementary Table 2). No significant changes were observed in the proportions of any subset relative to total monocytes. We observed a decrease in the number of CD56bright NK cells (p=0.023, Supplementary Table 2) in the Gd- NEDA group after treatment with no variations in the relative proportions of the NK subsets analyzed (Supplementary Table 3).



3.4 Serum NfL Levels

Baseline sNfL levels were higher in the Gd+ EDA group compared with the Gd- EDA (p=0.014) and Gd- NEDA (p=0.007) groups (Figure 4). They also trended toward higher values than those observed in the Gd+ NEDA patients (p=0.07). Six months after ocrelizumab treatment, sNfL levels were only significantly lower than basal values in the Gd+ NEDA group (Figure 4). They did not decrease significantly in the Gd+ EDA patients. The Gd- NEDA and EDA groups, whose baseline sNfL values were not elevated, did not vary significantly from each other upon treatment. When explored the z score normalized by patient age, we observed that in most Gd+ EDA patients, baseline sNfL values were higher than 2 z score levels (median values=2.411) whilst they were mostly between 0 and 2 z score values in most patients from the other three groups (Table 2).




Figure 4 | Ocrelizumab treatment induces changes in sNfL levels. sNfL levels (pg/mL) measured before (0M) and at 6 months (6M) of ocrelizumab treatment and classified based on their inflammatory status (presence [Gd+] or absence [Gd-] of gadolinium enhancing lesions at baseline) and response (NEDA or EDA) to treatment at one year of follow-up. N was 6, 10, 12 and 41 in Gd+ EDA, Gd+ NEDA, Gd- EDA and Gd- NEDA, respectively. sNfL, serum neurofilament light-chains; SD, Standard deviation.




Table 2 | Cohort summary of age-normalized sNfL values.





3.5 Serum Immunoglobulin Values

We explored changes in serum immunoglobulin concentrations 6 months after the first dose of ocrelizumab. The levels of IgG remained stable, while significant decreases in serum IgM levels were observed in all of them (Table 3). Additionally, increased serum IgA levels were observed in the Gd- NEDA group (p=0.006, Table 3). However, the most interesting results were observed when the changes in the ratios of the different serum immunoglobulins were explored. The IgA to IgM ratio was augmented in all groups (Figure 5B) with these changes highly relevant in Gd- NEDA group (p=4x10-12). The IgG to IgM ratio also increased (Figure 5A), being again the most prominent changes observed in the Gd- NEDA group (p=2.5x10-11). Remarkably, this group of patients experienced an increase in the IgA to IgG ratio (p=0.0011; Figure 5C) not observed in any other group.


Table 3 | Ocrelizumab induced changes in serum immunoglobulin levels.






Figure 5 | Changes in serum immunoglobulin ratios induced by ocrelizumab treatment. Serum samples were analyzed before (0M) and at 6 months (6M) of ocrelizumab treatment and classified based on their inflammatory status (presence [Gd+] or absence [Gd-] of gadolinium enhancing lesions at baseline) and response (NEDA or EDA) to treatment at one year of follow-up. N was 6, 10, 12 and 41 in Gd+ EDA, Gd+ NEDA, Gd- EDA and Gd- NEDA, respectively. Graphs showing IgG/IgM (A), IgA/IgM (B) and IgA/IgG (C) ratios. SD, Standard deviation.






4 Discussion

Ocrelizumab selectively depletes CD20+ cells while maintaining B cell reconstitution and pre-existing humoral immunity (11). In patients with PPMS, ocrelizumab not only induces B cell depletion, but reshapes the T cell response toward a low inflammatory profile, resulting in decreased sNfL levels (9).

However, the influence of baseline inflammatory status on these changes has not been fully ascertained. Inflammation is used in the classification of patients with progressive MS. In fact, current guidelines for diagnosing PPMS include two qualifiers: disease activity, defined by MRI or clinical evidence of inflammatory lesions or relapses; and disability progression, defined as a gradually worsening disability independent of relapses (12).

Inflammatory status can also play a role in DMT effectiveness. Overall subgroup analyses evaluating Rituximab in patients with PPMS (OLYMPUS trial) suggested that this drug may affect disease progression in younger patients, particularly those with inflammatory lesions (7). However, results from the ORATORIO trial with ocrelizumab showed that anti-CD20 antibodies are effective in non-inflammatory patients with PPMS (8). This agrees with our results. We explored response to ocrelizumab in a multicenter prospective cohort of 69 patients with PPMS treated with this drug. NEDA patients at 1 year of treatment represented 62% of the inflammatory group (10 out of 16) and 75% of the non-inflammatory one (41 of 53) in our study.

We first explored baseline differences in patients classified according to their inflammatory status (presence [Gd+]/absence [Gd-] of gadolinium-enhancing lesions at baseline). We studied different leukocyte subsets (B cells, T cells, NK cells and monocytes) and sNfL values. As expected, Gd+ patients showed high sNfL values. They also showed a trend to higher plasmablast numbers. The association of plasmablasts with inflammation in MS has been widely documented in the CSF (13). Probably peripheral blood is not the best compartment to study these cells in MS, but our data seem to confirm the role of plasmablasts in inflammation in MS. On the other hand, we found increased values of naïve B cells in Gd- patients. This suggests other function for B cells in non-inflammatory PPMS patients, as antigen presentation. No other differences were found between Gd+ and Gd- patients.

We next studied changes associated with NEDA status in both groups of patients by analyzing T, B, NK, and monocyte cell subsets at baseline and 6 months after receiving the first dose of treatment, before receiving the second one. Patients were classified according to their inflammatory condition (Gd+ or Gd-) and to their response to treatment (NEDA or EDA).

Although B cells clearly diminished in all groups of patients 6 months after the first ocrelizumab dose, in the EDA inflammatory group, total B cell counts were higher at this point. This increase was mainly due to transitional B cells, thus indicating a higher rate of B cell repopulation for these patients, and to TNF-alpha-producing B cells, thus indicating a rapid differentiation into pro-inflammatory B cells. Another characteristic of EDA Gd+ patients was the increased levels of sNfL levels at baseline compared with the non-inflammatory groups, with a trend also observed for higher values than NEDA Gd+ patients. These data show that baseline Gd enhancing lesions and especially high serum neurofilament levels associate in PPMS with a high rate of B cell repopulation and strongly suggest that these patients should benefit from early re-treatment or dose adjustment. By contrast, in NEDA Gd+ patients, the low B cell counts at 6 months were associated with a significant reduction of the sNfL levels 6 months after the first ocrelizumab dose. Finally, in NEDA and EDA Gd- patients, sNfL levels did not change significantly after ocrelizumab treatment, despite the reduction in B cell counts or response to treatment. This is important, since NfL is being proposed as a biomarker for response to different drugs in MS (14) and this could be not the case in patients with low inflammatory activity.

T cell activation and cytokine production are also affected by anti-CD20 DMTs (9, 15). We first studied absolute T cell counts. Only CD20+ T cells decreased in number. This occurred in the four patient groups, with Gd+ EDA being the only one in which the reduction did not reach statistical significance, probably due to the low sample size. The CD20+ T cell subset has been proposed to play an important role in MS pathology because of its highly activated phenotype and proinflammatory and migratory properties (16) and a reduction in these cells, described also for alemtuzumab, fingolimod, and dimethyl fumarate (16), can be beneficial for patients with PPMS treated with ocrelizumab, independent of their baseline inflammatory status.

We next explored the changes in the proportions of the different T cell subsets after 6 months of treatment relative to the total CD4+ and CD8+ T cells. Variations were restricted to the Gd- NEDA group. These patients exhibited a reduction in TD and EM CD4+ T effector cells and increases in naïve CD4+ and CD8+ T cells and in the ratios of naïve/EM and naïve/TD in CD4+ and CD8+ T cells. Likewise, they experienced a decrease in the proportion of CD8+ T cells producing IFNγ. These data show that response to ocrelizumab in Gd- patients is conditioned by reshaping the T cell compartment to a more tolerogenic profile. The activation of the T cell compartment by B cells may play an important role in the pathology of Gd- PPMS. Furthermore, the beneficial effects of different drugs in patients with MS with low inflammatory contribution to their disease may be reflected by changes in other biomarkers aside from sNfL, especially in those with low baseline levels of this protein.

Regarding to Gd- EDA patients, we did not find any clear explanation for the lack of changes in the T cell compartment they showed upon Ocrelizumab treatment. They had no differences on epidemiological, clinical or immune cell subsets at baseline with NEDA group. Exploring antigen presenting B cells and activated dendritic cells in both groups could help to elucidate this conundrum. Future research will demonstrate if antigen presenting B cells could be a biomarker of response to Ocrelizumab in Gd- PPMS patients, as suggested by the remodeling in the T cell compartment showed by NEDA patients.

We also explored changes in innate immune cells at baseline and after 6 months of treatment. Again, we only found significant changes in NEDA Gd- patients. They showed a significant increase in total monocyte counts. This increase was mainly due to PD-L1-expressing monocytes. This molecule is a ligand of the PD-1 receptor, which promotes self-tolerance by suppressing T cell inflammatory activity (17). Its increase has been described in response to other drugs in MS (18). Its up-regulation upon B cell depletion further demonstrates the role of inflammatory B cells in inducing inflammation in cells of the innate immune response and how this can be changed by B cell depletion (19). The up-regulation of PD-L1 expression by monocytes may contribute to the remodeling of the T cell compartment observed in these patients.

Regarding serum immunoglobulins in the four groups of patients, ocrelizumab induced a decrease in serum IgM levels, with no changes in IgG values, as previously reported for patients treated with anti-CD20 antibodies (9, 20). Likewise, all groups of patients showed a decrease in the IgG/IgM and IgA/IgM ratios. Most IgM molecules present in serum are natural antibodies that react against non-protein antigens, anti-lipid specificity being the most frequent (21, 22). Intrathecal synthesis of anti-lipid IgM antibodies associates with an aggressive MS course (22, 23). Thus, the down regulation of the B cells producing these antibodies may have a beneficial effect in MS. Additionally, our data contain interesting results with IgA antibodies. Gd- NEDA patients showed an increase of the levels of this immunoglobulin upon ocrelizumab treatment, and raised values of the ratio IgA/IgG. IgA, produced mostly at mucosal surfaces, functions as a critical mediator of intestinal homeostasis (24) and gut-microbiota reactive IgA plasma cells can migrate to peripheral organs with potential roles in extraintestinal autoimmune diseases (25). In MS, gut microbiota-specific IgA cells are considered a systemic mediator of the disease behaving as an informative biomarker during active neuroinflammation (26). In the experimental model of the disease, migration of IgA-producing plasma cells from the intestinal mucosa to the CNS has proven to down-modulate disease activity. This was attributed to IL-10 production in these cells (27), but often, natural IgA antibodies produced by plasma cells of the gut mucosa recognize similar antigens that natural IgM antibodies present in serum (28, 29). These IgA antibodies could block antigens recognized by IgM, thus avoiding complement fixation and diminishing axonal damage.

In summary this study shows that baseline inflammation could determine the immunological pathways that drive the response to Ocrelizumab in PPMS and that, regardless of baseline MRI activity, B cell depletion with ocrelizumab can modify both underlying mechanisms, and be effective in more than 60% of patients.
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Background

B lymphocytes play a pivotal regulatory role in the development of the immune response. It was previously shown that deficiency in B regulatory cells (Bregs) or a decrease in their anti-inflammatory activity can lead to immunological dysfunctions. However, the exact mechanisms of Bregs development and functioning are only partially resolved. For instance, only a little is known about the structure of their B cell receptor (BCR) repertoires in autoimmune disorders, including multiple sclerosis (MS), a severe neuroinflammatory disease with a yet unknown etiology. Here, we elucidate specific properties of B regulatory cells in MS.



Methods

We performed a prospective study of the transitional Breg (tBreg) subpopulations with the CD19+CD24highCD38high phenotype from MS patients and healthy donors by (i) measuring their content during two diverging courses of relapsing-remitting MS: benign multiple sclerosis (BMS) and highly active multiple sclerosis (HAMS); (ii) analyzing BCR repertoires of circulating B cells by high-throughput sequencing; and (iii) measuring the percentage of CD27+ cells in tBregs.



Results

The tBregs from HAMS patients carry the heavy chain with a lower amount of hypermutations than tBregs from healthy donors. The percentage of transitional CD24highCD38high B cells is elevated, whereas the frequency of differentiated CD27+ cells in this transitional B cell subset was decreased in the MS patients as compared with healthy donors.



Conclusions

Impaired maturation of regulatory B cells is associated with MS progression.





Keywords: B regulatory cells, BCR, CD19+CD24highCD38high, multiple sclerosis, MS, transitional Breg, TrB, activated memory-like transitional cells



Introduction

Multiple sclerosis is a highly heterogenous severe autoimmune neurodegenerative disorder with an evident inflammation component (1). Despite considerable advances in this field, the mechanism triggering it remains elusive, hindering the development of effective therapeutics (2–8). MS progression is mostly associated with the promotion of the T cell response (9, 10). Yet the contribution of B cells to various autoimmune disorders, including MS, should not be underestimated (11–16). Apart from antibody production and antigen presentation, B cells play a crucial role in regulating the immune response through their antibody-independent effector functions (17, 18).

In 1974, professor James Turk and coauthors suggested that B cells could inhibit inflammation during delayed hypersensitivity reactions (19). Further on, regulatory properties of B cells were confirmed in experimental autoimmune encephalomyelitis (EAE), an animal model of MS (20). The subpopulation of B cells performing regulatory functions were termed Bregs. In mice, the Breg population constitutes up to 5% of total B cells in the spleen and lymph nodes, and their number significantly increases during inflammation development (21–23). In humans, Bregs account for less than 5% of blood B cells (24). Abnormalities in the Breg counts or their function were observed in patients with autoimmune diseases (25–29) and allergies (30).

Different phenotypes of Bregs are described so far. Transitional Bregs (tBreg cells) CD19+CD24highCD38high (24, 26, 29, 31) and memory Bregs CD19+CD24highCD27+ are the most studied regulatory B cell subpopulations that modulate the immune response in humans (32, 33). Meanwhile, several other Breg phenotypes are reported: CD19+CD25+CD71+CD73- (34), CD19+CD27intCD38+IgM+ (35), CD19+CD24highCD27+CD39highIgD-IgM+CD1c+ (36), CD19+CD5+Foxp3+ (37), and CD19+CD38+CD1d+IgM+CD147+ (38). Transitional CD19+CD24highCD38high Bregs can be found in the peripheral blood of healthy adults representing a minor subset (approximately 4%) of all circulating B cells (39). This tBreg subset was previously shown to produce IL-10, regulate CD4+ T cell proliferation/differentiation toward T helper effector cells (40), and contribute to the cytokine imbalance during autoimmune diseases (41).

Since the molecular underpinnings of MS onset and progression were revealed, T cell–mediated immunity was believed to play the leading role in it. However, it is evident now that B cells are crucial for MS pathogenesis as well (42, 43). Autoreactive B cells in MS may produce catalytic antibodies, hydrolyzing myelin basic protein (13, 44, 45), and cause humoral cross-reactivity between myelin and viral antigens (46–50). Still, the existing studies on Bregs functioning in MS are controversial and far from conclusive. The percentages of IL-10–producing Bregs in MS patients are shown to be lower than in healthy controls (28, 51). Other works report either unaltered (52, 53) or even increased (25, 54) Breg numbers during MS progression. A recent study shows no association between the reduced peripheral blood Bregs levels and the Expanded Disability Status Scale (EDSS) score in MS (51).

These inconsistencies most likely arise from several Breg populations coexisting (55, 56). Indeed, these regulatory subpopulations can comprise B cells at different stages of development; therefore, the level of certain BCR hypermutations can be lower at the earlier stages of maturation of these B cells. The specificity of Bregs’ BCRs and pathways that mediate their maturation are still poorly elucidated. It is still not known whether the specificity of Bregs BCRs undergoes alteration in autoimmune disorders.

This study aims to identify the possible abnormalities in the structure of BCRs in the tBregs isolated from peripheral blood of MS patients as compared with HD. Thus, we suggest that analyzing BCR repertoires of tBregs may reveal the disease-related alterations occurring at the early stage of B cell development.



Materials and methods


Patients and healthy donors

Peripheral blood was obtained from the Neuroinfection Department of the Research Center of Neurology, Moscow, Russia. Venous blood was collected in EDTA Vacutainers (BD) from 19 MS patients (nine with BMS (57) and 10 with HAMS) (58) and 16 HD (Table 1). The age of the MS patients ranged between 23 and 70 years old. Their EDSS scores ranged between 1.5 and 8.5. The EDSS values (scored on a scale of 0 to 10) were calculated based on the Kurtzke EDSS scale (59). BMS was diagnosed if the EDSS score was less than 4 for at least 10 years after the disease onset in the absence of treatment; HAMS relapsing-remitting MS was diagnosed based on an EDSS score of 4.0 within five years after the disease onset, poor response to disease-modifying treatments, and two or more relapses with incomplete recovery during one year. None of the patients received glucocorticoid treatment or immunomodulatory treatment for at least six months prior to blood collection. Data on the course of the disease, its duration, and history of administration of disease-modifying treatments are presented in Table 1. HDs (24–68 years old) had neither autoimmune nor oncology diseases nor recent infections. The study was approved by the Local Ethics Committee of the Research Center of Neurology and was conducted in full compliance with the WMA Declaration of Helsinki, ICH GCP, and appropriate local legislation. All patients provided written informed consent for enrollment, followed by a discussion of the study with the investigators.


Table 1 | Baseline and clinical characteristics of patients with multiple sclerosis and healthy donors.





FACS sorting of tBreg and total B cell subsets

Blood samples were diluted two times in PBS with 2 mM EDTA and layered onto Ficoll–Paque Plus (GE Healthcare) and then centrifuged at 900 g for 40 minutes at room temperature. PBMC isolated from MS patients were incubated with ACK lysing buffer for complete removal of red blood cells. Cells were washed with PBS, incubated with α-CD19-PE-Cy7, α-CD24-PE, α-CD38-APC, α-CD27-FITC, and α-CD45-APC-Cy7 antibodies (Biolegend, USA) or α-CD19-PE-Cy7, α-CD24-PE, α-CD38-APC, α-CD45-APC-Cy7, and sytox green dead cell stain (ThermoFisher Scientific) for 60 minutes at +4°C in the dark. Human Fc-blocker (Miltenyi Biotec) was added to all samples before cell staining. B cell subsets were identified by the following markers on their surface: transitional Bregs (CD19+CD24highCD38high), T1 transitional cells (CD19+CD24+++CD38+++), T2 transitional cells (CD19+CD24++CD38++), memory Bregs (CD19+CD24highCD27+), and memory (CD19+CD24+/highCD38+/lowCD27+) or naïve (CD19+CD24+CD38+/lowCD27-) peripheral B cells (60). Following incubation, the cells were washed with PBS and resuspended in PBS. To distinguish T1 and T2 cells by CD24 and CD38 expression, we used gates for flow cytometry analysis, which provided a T2/T1 ratio of approximately 3:1 in HDs (61). Leukocyte and total lymphocyte counts per mm3 were determined using a hematology analyzer (Nihon Kohden MEK-7222, Nihon Kohden, Japan). All samples were analyzed for B cell and tBreg frequencies by flow cytometry. For nine MS patients (four with BMS and five with HAMS) and six healthy donors, a live CD19+ pool of total B cells or CD19+CD24highCD38high tBreg was sorted into two distinct populations (Table 1). The cells were sorted directly into 1.5-mL microcentrifuge tubes containing Qiazol lysis reagent (Qiagen, Germany). Sorting was carried out using a BD FACSAria III, and the data were analyzed using FlowJo software 9.7.5 (TreeStar, Ashland, OR, USA).



Library preparation for immunoglobulin sequencing (RT-PCR)

RNA extraction was performed using the RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol. Reverse transcription (RT) was performed in 20 µL reaction volume using MMLV RT according to the manufacturer’s protocol (Evrogen, Russian Federation). Multiplex PCR with a modified set of the previously described VH- and VL-specific primers was used for cDNA amplification (62). The primers included 15 human VH-specific forward primers and four human JH-specific reverse primers for the IGH chain, 13 human Vκ-forward primers and two Jκ-reverse primers for Vκ genes, and 16 human Vλ-forward primers and three Jλ-reverse primers for Vλ genes (Table S1). Each VH, Vκ, and Vλ primer pair was added to a separate 50 µl reaction mix with an appropriate equimolar mixture of the four JH, two Jκ, or three Jλ reverse primers. Then, 0.5 ng cDNA was used in each PCR reaction using the Hot Start Taq Master Mix Kit (Evrogen, Russian Federation). The conditions of PCR were as follows: 1 step (94°C—3 min), 1 cycle (94°C—25 s, 62°C—25 s, 72°C—25 s), 2 cycles (94°C—25 s, 60°C—25 s, 72°C—25 s), 2 cycles (94°C—25 s, 58°C—25 s, 72°C—25 s), 3 cycles (94°C—25 s, 56°C—25 s, 72°C—25 s), 3 cycles (94°C—25 s, 54°C—25 s, 72°C—25 s), 30 cycles (94°C—25 s, 52°C—25 s, 72°C—25 s), and 1 step (72°C—4 min). The products of 15 PCR reactions for VH genes, 13 PCR reactions for Vκ genes, and 16 PCR reactions for Vλ genes were combined for each chain and concentrated to 50–80 µl using Amicon 30 kDa (Merck, Millipore). The PCR products (~400 bp length) of VH, Vκ, and Vλ were loaded on 1.5% agarose gels and purified with the Gel Extraction Kit (Monarch, NEB).



Deep sequencing of VH and VL genes from individual patients

Next, 1 μg of the PCR product was ligated with adapters using the NEBNext Ultra DNA Library Prep Kit for Illumina with the NEBNext Multiplex Oligos set (NEB). Libraries were sequenced on Miseq using a 2x300 bp paired-ends sequencing kit (Illumina) in the SB RAS Genomics Core Facility (ICBFM SB RAS, Novosibirsk, Russia).



Sequencing data processing and repertoire analysis

MiXCR (63) software was used to extract BCR clonotypes from raw sequencing data. Raw reads were aligned to the standard reference set of V, D (for heavy chain), and J gene-segment sequences. Successfully aligned reads were used for clonotype sequence assembly with the following parameters: OassemblingFeatures=“{CDR1Begin : CDR3End}” -OmaxBadPointsPercent=0. To normalize the repertoire analysis depth, equal numbers (13,000 for IGVH or IGVK and 7000 for IGVL) of read pairs covering the full target sequence (CDR1+FR2+CDR2+FR3+CDR3) were randomly sampled from each data set. A BCR clonotype is referred to here as a unique nucleotide sequence covering BCR from the beginning of CDR1 to the end of CDR3. Repertoire sequencing results are summarized in Table S2.

Repertoire data analysis was performed using the R programming language (R Core Team (2017) R: the language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/). Unproductive IGVH/IGVK/IGVL sequences were filtered out before analysis. To characterize the germline identity for each clonotype, a nucleotide sequence covering the CDR1-FR3 part was used for calculating the percentage of identity with the corresponding reference V-segment sequence. The VDJ tools software (64) with the CalcCdrAaStats subroutine was used to obtain the statistics on composition and physical-chemical properties of amino acids in the CDR3 region. For CDR3 length analysis, we defined the length as a number of amino acids from conservative Cys at the end of the part encoded by the V-segment to the conservative Phe/Trp encoded by the J-segment (65).



IL-10 secretion assay

B cells from isolated PBMC were enriched using magnetic Dynabeads (negative selection; Invitrogen, Thermo Fisher) following the manufacturer’s instructions with >95% purity. Enriched B cells were maintained in the complete glutamine-enriched RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 10 mM HEPES at a concentration of 0.5•106 cells/mL in six-well culture plates at 37°C with 5% CO2. IL-10 production was induced by the incubation with 10 µg/mL CpG-B ODN 2006 for 20 hours. CpG-stimulated B cells were restimulated by adding up to 50 ng/mL PMA (Sigma-Aldrich) and 0.5 µg/mL ionomycin (Sigma-Aldrich) for four hours.

Stimulated B cells were washed twice with PBS and stained for assessing the cell viability with Zombie Violet Fixable Viability Kit (Biolegend, USA) according to the manufacturer’s instructions. Next, B cells were washed with cold (MACS) buffer containing PBS supplemented with 0.5% BSA and 2 mM EDTA; 106 of B cells were then resuspended in 90 µl of cold RPMI-1640 medium supplemented with 10% FBS and incubated with 10 µl IL-10 Catch Reagent (IL-10 secretion assay, Miltenyi Biotec) for five minutes on ice. Subsequently, 1 mL of warm (37°C) RPMI-1640 medium supplemented with 10% FBS was added, and cells were kept for 45 minutes at 37°C under slow continuous rotation. B cells were washed twice with a cold (MACS) buffer, resuspended in 80 µl cold (MACS) buffer with the addition of 10 µl IL-10 detection antibody (APC) (IL-10 secretion assay, Miltenyi Biotec) and 10 µl of the antibody mix (α-CD19-PE-Cy7, α-CD24-PE, and α-CD38-AlexaFluor700). After 20 minutes of incubation on ice, B cells were washed with cold buffer and resuspended in PBS. IL-10+ and IL-10− B cells were analyzed using FACS Aria III (BD Biosciences).



Statistical analysis

The data were analyzed using Prism 9 software. The significance of differences was assessed using the two-tailed Student’s t-test, Mann Whitney U-test, or ANOVA. p-values <.05 were considered to be significant.




Results


The elevated level of transitional CD19+CD24highCD38high Bregs in peripheral blood correlates with MS severity

We analyzed patients with two diverging courses of relapsing-remitting MS (RRMS): (i) BMS (57), characterized by an infrequent relapse and low levels of disability over long periods of time, and (ii) HAMS (58) with elevated levels of inflammatory activity and rapid progression that facilitate a shift to secondary progressive MS with severely disrupted control of the immune response. The peripheral blood samples were obtained from 19 MS patients and 16 HDs (Table 1). To gain further insight into the nature of Breg development and maturation, we analyzed the CD19+CD24highCD38high subpopulation, which is the most studied phenotype of tBreg (26, 66). Mononuclear cells were stained against CD45, CD19, CD24, and CD38 markers. A gating strategy is shown in Figure 1A. We found that the cell number and frequency of CD19+CD24highCD38high B cells were significantly increased in the MS patients (4.5 ± 2.4%) as compared with the HDs (2.6% ± 1.8%). This upregulation was most pronounced in the HAMS patients (5.5% ± 2.7%) (Figures 1B, C). Wherein we observed no differences in the absolute counts for B cells between HDs and MS patients with various courses of MS (Table 2).




Figure 1 | MS severity correlates with the elevated level of transitional CD19+CD24highCD38high Bregs in peripheral blood. (A) Total CD19+ B cell pool and transitional regulatory CD19+CD24highCD38high subpopulation (tBregs) from peripheral blood were sorted individually for subsequent RNA isolation and RT-PCR amplification of IGVH, IGVK and IGVL followed by high-throughput sequencing and subsequent bioinformatic clustering and analysis. (B) The percentage and (C) absolute cell count of transitional Bregs in MS patients (MS) and healthy donors (HD). BMS denotes benign multiple sclerosis, HAMS is highly active multiple sclerosis. Data are shown as mean values, interquartile range, and p-values. The statistical significance was evaluated with the Mann Whitney test (only significant p-values are shown).




Table 2 | Total numbers and frequency of T1/T2 subpopulations of transitional B cells in peripheral blood from the MS patients and healthy donors.



Previously, Cherukuri and colleagues showed that the activity of regulatory B cells varies depending on the composition of the tBreg subpopulation (67). A reduced T2/T1 ratio is associated with elevated IL-10 production and the most efficient T cell suppression (61). We studied the ratio between the transitional T1 and T2 subsets (the gating strategy is shown on Figure 4) distinguished by CD24 and CD38 expression (Table 2). The absolute T1 count was significantly elevated in the MS patients (p = .037) in comparison with healthy donors. The absolute T2 counts in peripheral blood were also significantly increased in the MS patients as compared with HDs (p = .0007), especially during HAMS (p = .0002). Whereas the mean value of the T2/T1 ratio is elevated during MS progression, no statistically significant difference in comparison to healthy donors was observed. To carefully distinguish between T1 and T2 cells, we analyzed CD24 and CD38 expression as well as the expression of IgD, being an important marker of B cell developmental stage and maturation (68, 69). We observed no significant difference in the T2(CD24highCD38highIgD+)/T1(CD24highCD38highIgDlow/-) ratio between the two groups of six MS and four HDs, respectively (Figure S3).

To characterize the BCR repertoire of tBregs cells, we sorted total CD19+ B cells and CD19+CD24highCD38high subpopulations and performed high-throughput sequencing of BCR cDNA libraries for variable heavy (VH) and light (VL) chains in these cell subsets. On average, we obtained ~40,000 and ~37,000 IGVH- and IGVK-containing reads for tBregs and total B cells, respectively. We obtained ~25,000 and ~17,000 IGVL-containing reads for tBregs and total B cells, respectively. We achieved the minimum depth of two IG sequence-containing reads per cell in most samples. Heavy and light chain clonotypes were assembled by the MiXCR with sequencing error correction (63). To reduce a potential bias, we used the equal repertoire analysis depth for all individuals (see Material and Methods section). For the CD19+CD24highCD38high B cell subpopulation, we obtained and included in our analysis ≈4500 functional clonotypes for the heavy chain, ≈3500 for the kappa, and ≈550 for lambda chains for individuals in the MS and HD cohorts. For total B cells (the CD19+ subpopulation), we obtained ≈4000 functional clonotypes for heavy chain, ≈4300 for kappa, and ≈830 for lambda chains from the raw sequencing data and included this in our analysis for the individuals from the MS and HD cohorts (Table S2).



Transitional CD19+CD24highCD38high Bregs of MS patients are characterized by a lower number of hypermutations compared with the healthy individuals

The tBregs are suggested to be the exogenous antigen-naïve cell population, therefore exhibiting fewer somatic hypermutations than the total pool of CD19+ B cells from peripheral blood (Figure 2A). VH and Vκ genes of CD19+CD24highCD38high tBregs from MS patients are generally less mutated as compared with the HDs. There was a statistically significant difference between the HDs and HAMS patients yet not between the donors and BMS patients (Figure 2A). These data are in line with an increased level of tBregs in the peripheral blood from the HAMS patients. We observed approximately the same number of the IGH clonotypes in tBregs and total CD19+ B cells in the MS patients and healthy donors (Figure 2B). Analysis of repertoire diversity of the light chains showed that in the HDs the ratio in number of the IGK and IGL clonotypes in the total CD19+ pool was higher than in tBregs, whereas it remained unchanged in MS patients (Figure 2B). The lowest repertoire diversity was observed for the lambda light chain. The ratio of tBreg/total B cell clonotypes between MS patients and HDs was different only for the lambda chain (Figure 2C).




Figure 2 | Delayed maturation of CD24highCD38high transitional B lymphocytes in the MS patients. (A) Mutation frequency for VH, Vκ, and Vλ genes; (B) the number of unique clonotypes per sorted cells; and (C) the tBreg/total B cell clonotype ratio of the total blood B cells and CD24highCD38high transitional Bregs from the multiple sclerosis patients (MS) and healthy donors (HD). Mutation frequency refers to the percentage of clonotype sequence different from the corresponding germline V- and J-segment sequences excluding CDR3 region. BMS denotes benign multiple sclerosis, HAMS is highly active multiple sclerosis. Bar and line plots represent a median and interquartile range. Statistical significance of the differences between donor groups was assessed using the Mann-Whitney test (A, B) and ratio paired T-test (C). p-values <.05 after correction for multiple comparisons were considered statistically significant and designated with asterisks.



Because in the MS patients we observed fewer somatic hypermutations in the tBreg clonotypes, one could suggest a higher number of CDR3 in this cell subset shared among MS patients. However, we detected only a few tBreg IGH clonotypes common for at least two different donors. Furthermore, we did not observe any significant differences in the number of shared amino acid CDR3 sequences between MS and HD (data not shown).



Characteristics of the CDR3 region of tBreg clonotypes do not vary between MS and healthy states

CDR3 is the most variable region of immunoglobulin molecules. It can be used for identifying clonal lineages and characterizing their functional repertoire (70). First, we examined CDR3 characteristics by comparing the amino acid CDR3 length of the heavy, kappa, and lambda chains among HDs, HAMS, and BMS disease states in tBregs and total peripheral B cells. In line with our expectations, we detected a significant difference in amino acid length between the heavy chain (18.3 ± 0.7 a.a.) and both light chain types (11.2 ± 0.1 a.a. for the kappa chain and 11.5 ± 0.3 a.a. for the lambda chain) due to the presence of the D-segment in the IGH.

For the heavy chain, the CDR3 length significantly varied between the tBreg and the total B cell populations (Figure 3A) in contrast to the previously reported data (71). Nonetheless, there was no statistically significant difference in the CDR3 length between the MS patients and healthy individuals (Figure 3B). We did not detect any significant differences in the length of CDR3 of the kappa and lambda light chains between the tBreg subset and total B cells (Figures 3C, D, S1).




Figure 3 | Differences in CDR3 length. The distribution of B cell subset CDR3 amino acid length for heavy (A), kappa (C), and lambda (D) light chains. Bar and line plots show mean ± SD. (B) The CDR3 amino acid length distribution for IGVH clonotypes in different B cell subsets. To balance the sample size, an equal number of clonotypes (n = 1000) were randomly sampled from each donor repertoire. Rare clonotypes with CDR3 length <6 a.a. or >35 a.a. were excluded. Mean values are displayed by numbers. The difference in CDR3 length between tBreg and total B cell fraction was analyzed by the ratio paired T-test. The difference in CDR3 length between donor groups was assessed using the Mann Whitney test. Only statistically significant p-values are indicated. The total CD19+ B cell pool and transitional regulatory CD19+CD24highCD38high subpopulation from peripheral blood are designated as B cells and tBregs, respectively. ns , not significant.



Furthermore, we compared the physicochemical properties of the CDR3 amino acids for the clonotypes from tBregs and total peripheral B cells. We observed no significant differences in the charge and hydrophobicity or amino acid usage in the CDR3 regions between the B cell subsets of the MS patients and HDs (data not shown).



The CD19+CD24highCD38high subpopulation in MS patients is characterized by less mature phenotype

It is previously reported that the number of mature memory CD27+ peripheral B cells (72) in MS patients tends to decrease as compared with healthy individuals (73). Importantly, the ratio of different B cell populations and especially of the memory B cells varies with age (74). To avoid any age-related bias, the samples from sex- and age-matched MS patients (44 ± 14 y.o.) and HDs (43 ± 13 y.o.) were enrolled in this study (Table 1; Figure 4C). To examine the phenotypic stage of tBreg maturation, we analyzed the percentage of CD27 positive cells in this subpopulation (Figure 4A). We found that the CD27+ cell content in the CD19+CD24highCD38high tBregs cells was significantly reduced in the MS patients (1.0% ± 0.5%) as compared with healthy individuals (2.2% ± 1.4%). We observed no correlation between age and the frequency of CD27+ cells in the CD19+CD24highCD38high subpopulation (Figure S2). Our findings correlate well with previously reported data suggesting that Bregs (CD19+IL10+) mostly had the CD27- phenotype in HD and MS patients in remission (28), whereas the percentage as well as the absolute counts of memory Bregs (CD24highCD27+) and naïve and memory B cells were similar in the HDs and MS patients (Figure 4B; Table 3).




Figure 4 | Frequencies of the CD27-positive B cells in peripheral blood of MS patients and healthy individuals. (A) The percentage of CD27-positive activated memory-like transitional cells in CD19+CD24highCD38high tBreg subpopulation and (B) the frequency of memory (CD19+CD24+/highCD38+/lowCD27+), naïve (CD19+CD24+CD38+/lowCD27-) or memory Breg (CD24highCD27+) among peripheral B cells in multiple sclerosis patients (MS) and healthy donors (HD). The bottom panel shows the gating strategy of flow cytometric analysis. (C) Age and gender comparison of MS and HD analyzed in the same experiment. The difference in cell frequency was analyzed by Mann Whitney test. Statistically significant p-values are shown.




Table 3 | Total numbers of B cell subpopulations in peripheral blood of the MS patients and healthy donors (gating strategy is shown in Figure 4).





CD19+CD24highCD38high B cells are characterized by an elevated production of IL-10 in MS patients and HDs

Because the regulatory properties of B cells are not limited exclusively to the CD19+CD24highCD38high subpopulation (55, 56), we analyzed the frequencies of the IL-10-positive cells among the total pool of B lymphocytes after a short CpG stimulation. Such rapid stimulation (less than 24 hours) allows estimating IL-10 production only in Bregs and not in the B cells predisposed for the IL-10 expression. There were no statistically significant differences in the IL-10–producing B cell subsets between MS and HD, whereas more IL-10–positive B cells were observed in the CD19+CD24highCD38high subpopulation than in total B cells for both MS and HD (Figure 5A). Conversely, IL-10–positive B cells in MS and HD were enriched with CD19+CD24highCD38high cells (Figure 5B).




Figure 5 | Frequencies of the IL-10–positive B cells in peripheral blood of MS patients and healthy individuals after rapid CpG stimulation. (A) The percentage of IL-10–positive cells in CD19+CD24highCD38high tBreg subpopulation and total B cells. (B) The percentage of CD19+CD24highCD38high tBreg in IL-10–positive and IL-10–negative B cells. Results are expressed as a median, interquartile range, and p-values analyzed by ratio paired T-test. Statistical significance of the differences between donor groups was assessed by the Mann Whitney test, and significance of differences between B cell subpopulations was assessed by the ratio paired T-test. Statistically significant p-values (p <.05) are shown.






Discussion

The existence of several alternative methods of Breg differentiation might lead to different subsets of B cells with regulatory functions coexisting in an inflammatory milieu (75). The Breg population can originate from either multiple or a limited set of independent pre-Bregs progenitors. Furthermore, it results in either a diverse or restricted clonal repertoire, the latter being ensured by the clonally related Bregs. Moreover, almost any B cell can become a regulatory B cell at a certain stage of its development upon exposure to permissive environmental stimuli (35, 55). In the present study, we focus on the repertoire of tBregs with the CD19+CD24highCD38high phenotype.

The mechanism of immune regulation mediated by B cells was first proposed by S. Fillatreau and colleagues. They first identified a subpopulation of B cells (B10 cells) that produced IL-10, alleviating the clinical manifestations of EAE (76). Bregs can also affect the differentiation of T cells to T regulatory cells (Tregs) (24) and inhibit differentiation of the effector T cells via the IL-10–driven suppression of dendritic cells (35). Bregs are shown to suppress inflammation by producing transforming growth factor-β (TGF-β) (77), IL-35 (i35 Breg) (78), IgM, IgG4, the co-inhibitory receptor TIGIT (T cell immunoreceptor with Ig and ITIM domains) (36), and BTLA (B and T lymphocyte attenuator or CD272) (79). Nonetheless, IL-10 production is still believed to be the key mechanism for Bregs to control the immune response in healthy individuals as well as during immune-related disorders (26, 27, 80–82) and organ transplantation (83).

Breg maturation may be induced via BCR and/or TLR signaling (84). Using EAE, the experimental mouse model of autoimmune diseases, a significant impact of TLR-signaling on B cells was revealed (85). TLR-4 and TLR-9 induce a significant increase in IL-10 secretion by B cells in a MyD88-dependent manner. Their activation via TLR and CD40 ligands is also described for infectious diseases of viral (HIV (31), HBV (86)), bacterial (87, 88), and parasitic origins (89). Exposure of PBMC from both healthy donors and patients with rheumatoid arthritis to CD40L and CpG led to an increased number of IL-10–producing Bregs (90). A significantly lower level of IL-10 production by B cells stimulated in the presence of CD40L was found in the groups with relapsing-remitting (29) and secondary-progressive MS as compared with HDs. A similar effect was observed in the CpG-stimulated B cells (82). The fact that CD40 ligation on B cells plays an important role in this process promoting cell survival (91) is in line with the inductive model of Breg formation. The latter implies that B cells may become regulatory and exhibit suppressive capacity in response to specific environmental stimuli.

Another mechanism to induce Bregs is to activate them through BCR signaling (76). Matsumoto et al. demonstrate the importance of correct antigen recognition by Breg BCR (92). The antigen-mediated calcium influx in Bregs is shown to depend on STIM-1 (stromal interaction molecule) and STIM-2. A deficiency in these molecules impairs the ability of Bregs to produce IL-10, disrupts T cell activation, and eventually prevents alleviating EAE in mice. The number of Bregs was reduced in CD19-deficient mice with disrupted BCR-signaling, whereas CD19 overexpression resulted in an increased number of B10 cells (93–95). The antigen-specific interaction between CD4+ T cells and B10 cells is crucial for generating B10 effector cells, whereas antigen-specific T cell response is downregulated by B10-mediated IL-10 production (96). Therefore, the B10 cell effector function primarily depends on antigen specificity; however, it might also be mediated by suppressing antigen presentation by dendritic cells and macrophages (97).

We observed that CD19+CD24highCD38high tBregs have a significantly longer CDR3 in the heavy chain as compared with the total pool of peripheral B cells. Antigen-experienced B cells were previously shown to have shorter CDR3 than naïve or immature B cells (98, 99), thus indicating that, in tBregs, longer CDR3 can point at their immature state. This can also be related to the differences in V/J-usage between tBregs and total B cells (100, 101). Finally, in tBregs, longer CDR3 may reflect the higher poly-/self-reactive potential of their BCRs (102).

Another piece of evidence underlying the importance of BCR during Breg activation is that human B10 cells are often defined as CD27+. This allows for classifying them as memory cells, which is in line with their in vivo antigen experience (25). Of note, in the RRMS patients at the relapse stage, the ratio of naïve and memory Bregs is decreased, resulting in an elevated memory/naïve ratio (28). The presence of the CD27+ subpopulation in early immature transitional B cells could be explained by the recently proposed class-switching of antibodies in early human B cell development (71). Therefore, even transitional cells can undergo early maturation or, according to the alternative hypothesis, the CD19+CD24highCD38highCD27+ subset might belong in the IgM memory population (103, 104). Here, we show that the CD19+CD24highCD38high tBregs from MS patients contain a statistically lower number of CD27-positive cells as compared with HDs.

Our findings allow us to conclude that the elevated absolute number and frequency of CD19+CD24highCD38high tBregs observed in MS patients is characterized by a greater germline identity as compared with HD. At the same time, the absolute cell counts of the recently immigrated from the bone marrow T1 and more mature T2 cells both increased, thus more or less maintaining the overall T1/T2 ratio as in a healthy state. We propose at least three scenarios explaining these findings: (i) deficient maturation of transitional B cells (TrB); (ii) delayed TrB maturation, and (iii) elevated TrB counts that compensate for deficient maturation (Figure 6). The latter seems to be the most likely scenario because the T1/T2 ratio and, especially, percentage and absolute counts of TrB are increased in MS patients, whereas the numbers of memory and naïve B cells remain unaltered. Nonetheless, current evidence is not conclusive yet.




Figure 6 | Abnormalities in transitional B cell maturation in MS. An elevated frequency of CD19+CD24highCD38high transitional B cells (TrB) observed in MS patients is characterized by greater germline identity compared with healthy donors. There are least three possible coexisting or independent scenarios explaining these findings: (i) deficient maturation of TrB, (ii) delayed TrB maturation, and (iii) an increased number of TrB compensating deficient maturation.



The tBregs maturation failure could arise from either an intrinsic defect in pre-Bregs or insufficient antigen-induced maturation. The BCR sequences of B10 cells were recently shown to be closer to germline and harbor only rare mutations (105). The authors state that, similarly to the splenic B10 cells, the peritoneal cavity B10 cells expressed clonally diverse BCRs that were predominantly germline encoded. Despite the germline proximity, B10 cells are shown to produce IgG as well as IgM (106). Thus, the so-termed “low differentiated” BCR may provide low-affinity antigen-BCR stimulation during chronic disease and development of the B10 precursor to B10, whereas a strong stimulation may switch the Breg precursor to another differentiation pathway (25, 94, 105). In the present work, we revealed no differences in IL-10 production between MS and HD via functional analysis. Therefore, increased tBreg counts along with the absence of increased IL-10 production can serve as indirect evidence in favor of their disrupted functioning and altered inflammatory profile during MS development. We suggest that, in future studies, tBregs should be analyzed for IL-10 production as well as co-expression of other cytokines as IL-10+ B cells are previously shown to co-express pro-inflammatory cytokines such as IL-6 and tumor necrosis factor alpha (TNFa) (55).

Here, we put forward that the observed stagnation in the maturation of the transitional Bregs potentially may be the first step in the fatal sequence of events leading to the systemic failure of humoral regulative immunity. Being accompanied by one or multiple factors, such as HLA haplotype, cytokine background, abnormal T cell negative selection, enhanced blood–brain barrier permeability, or lack of vitamin D, it may trigger the uncontrolled breakdown of the immunological tolerance toward myelin antigens. On the other hand, the elevated absolute count of tBregs and T1/T2 B cell subset ratio may be a sign of the already activated compensatory mechanisms, which may be monitored on the border of a clinically isolated syndrome and clinically defined multiple sclerosis. Further studies should elucidate if modulating the immunological checkpoints regulating B cell development may be regarded as opening up the avenue for putative therapeutical applications in MS treatment.
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Patient demographics and laboratory information RRMS (N = 51) Control (N = 20) P value
Average age 36.12+10.28 37.90+13.19 0.547
Sex (female) 39 (76.47%) 15 (75.00%) 0.238
Oligoclonal band positive 20 (39.2%) 0 0.001**
CSF IgG (mg/L) 327 (21.9-54.5) 20.2 (14.85-28.3) 0.002*
CSF IgA (mg/L) 2.85 (1.76-4.14) 2.23 (1.4-2.67) 0.056
CSF IgM (mg/L) 0.45 (0.29-0.89) 0.32 (0.23-0.41) 0.049*
CSF Alb (mg/L) 172 (138-204) 162.5 (124.5-199) 0.494
CSF total cell count (10°) 5 (0-10) 1(0-6.5) 0.122
CSF WBGC count (10°/L) 1(0-4) 0(0-1.5) 0.26
CSF protein (mg/L) 328.53 (282.84-403.98) 287.52 (238.04-351.98) 0.089

*n <0.05, *p <0.01.
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Responders/Non-responders Basal 6 Months 12 Months
N 22/19 2219 22119

25% Percentile 16,52/20,19 18,8/28,99 16,5/23,64
Median 37,61/32,58  35,58/50,6  30,91/33,83
75% Percentile 61,2/42,71 70,38/71,7 59,62/58,72
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Cohort 1/Cohort 2

N

25% Percentile
Median

75% Percentile

Basal

59/35
19,69/40,44
33,43/46,01
59,16/59,44

6 Months

59/35
25,61/45,94
50,6/60,04
70,16/68,44

12 Months

59/35
20,41/53,3
38,97/59,97
65/72,15
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Relapses previous year, n

Days since last relapse

Relapse in the previous 6 months, yes
Gd+ lesions, n

Gd+ lesions, volume
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EDSS worsening in the previous year, yes
T2 lesion load at baseline, mm?®

063
-0.40
0.38
0.48
0.66
037
0.46
0.64

p value

0.001

0.030
0.026
0.003
<0.001
0.029
0.006

0.004
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RR-MS AHSCT (n = 28) SP-MS AHSCT (n = 10) SP-MSCTRL (n =22)  SP-MS AHSCT vs.

SP-MS CTRL
Median (Range) Median (Range) Median (Range) p Value
Age at baseline, y 3 (20-53) 43 (26-57) 495 (33-64) 0039*
Disease duration from the onset, y 95 (1-22) 1 (6-28) 215 (6-36) 0010*
Progressive phase duration, m NA NA 185 (7-79) 68 (@-181) 0010*
Previous treatment duration with DMTs, y 3 ©-21) 75 (@-21) 15 5-28) 0.006*
DMTs received, n 3 ©-7 3 2-6) 3 -5 0572
Baseline EDSS 40 (1.0-7.0) 575 (4.0-6.0) 625 85-75) 0.182
Delta EDSS in the previous year 05 (15-1.5) 0 ©0-1.0) 025 ©0-2.5) 0.257
Progression Index® 092 (0.43-1.41) 064 (0:34-0.94) 041 (0.31-050) 0.044*
Relapses in the previous year, n 15 ©-6) 05 ©-2) o -1 0002
Gd+ lesions at last brain MRI, n 15 (0-31) 05 ©-3) 0 (0-0) <0.001*
n (%) n (%) n (%) p value
Sex, female 22 (79%) 8 (80%) 14 (64%) 0.440
Cases with relapse in the previous 6 months 17 61%) 3 (30%) 0 (0%) 0.024*
Cases with EDSS worsening in the previous year 6 @1%) 3 (30%) 8 (36%) 1.000
Cases receiving DMT at blood sampling 17 61%) 8 (©0%) 13 (69%) 0.425
Cases showing Gd+ lesions in pre-treatment brain MRI 18 (64%) 5 (50%) 0 (0%) 0001

2Mean (95% confidence interval—Cl). N/A: not applicable. Significant values (o < 0.05) are marked with .

AHSCT, autologous haematopoietic stem cell transplantation; DMTs, disease-modilying treatments; EDSS, Expanded Disabilty Status Scale; Gd, gadolinium; MR), magnefic resonance
imaging; MS, muttiple sclerosis; MS AHSCT, MS patients treated with AHSCT; R, relapsing-remitting; SP-, secondary-progressive; SP-MS CTRL, SP-MS control group (ie. not treated
with AHSCT).
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Subjects Sample  Gender Age Time after firstrelapse  Time after last relapse Treatment duration EDSS OCB CSF
size Q:3 (years) (months) (years) (+/-)*

Healthy 58 40:18 28 (19-50) = = = =

RRMS 104 80:24 37 (18-65) 9(0.5-32) 27 (0-166) 3.0 20+ 19 60/30

RRMS patients

Untreated 19 14:5 27 (18-59) 5(0.5-19) 4.5 (0-146) - 1.5+ 2.0 12/6*

Glatiramer Acetate 15 13:2 42 (23-58) 12.5(1-32) 21 (6- 93) 4.0 15+ 1.4 7/5*

GA

Interferon-B (IFN) 24 20:4 41 (28-65) 12.5 (1-22) 40 (1-166) 6.5 20+ 1.6 12/8*

Fingolimod (FTY) 14 10:4 39 (22-65) 11 (4-25) 102 (32-132) 3.0 20+ 1.6 8/5*

Natalizumab (NTZ) 32 23:9 35 (23-62) 9 (2-15) 48 (24-120) 20 2.0+-20 21/6*

All data are represented in median (max — min values).
*Not all patients were tested for oligoclonal bands (Tested: n = 90; 66% OCB positive in the CSF).

CSF, Cerebrospinal Fluid: OCBs, Oligoclonal Bands; EDSS, Expanded Disease Scale Status.
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OPS/images/fimmu.2021.760546/table2.jpg
Variable AlAEs+ (n=22) AIAEs- (n =35) p value
Sex (F/M). 16/6 2114 ns
Age at disease onset [years] — median (IQR). 26.5 (23-33) 30 (25-36) ns
Age at alemtuzumab treatment onset [years] — median (IQR) 36 (31-39) 37 (30-47) ns
Disease duration [years] — median (IQR) 7.0 (1.0-12.0 7 (3-11.2) ns
EDSS score at treatment onset — median (IQR). 2.00(1.5-4.0) 3.0 (2.0-3.5) ns
Relapse rate in the two previous years — median (IQR) 0.86 (0.51-2.75) 0.78 (0.64-1.61) ns
Time of follow-up since alemtuzumab treatment onset [years] — median (IQR) 3.78 (3.41-4.59) 3.47 (3.18-3.99) ns
Number of previous treatments - median (range) 2.5(0-5) 2.0 (0-6) ns
Prior treatment (Number of patients) ns

None (n=14) 7 7

IFN-beta/GA/Teriflunomide/DMF (n=19) 3 16

Fingolimod (n=12) 7 5

Natalizumab (n=12) 5 7

n, number of patients; AIAEs, Autoimmune adverse events (n=22, consisting of 21 patients with autoimmune thyroiditis, and one patient with autoimmune thrombocytopenia); F, Female;
M, male; IQR=25%-75% interquartile range; ns, not significant; EDSS, Expanded Disability Status Scale; IFN, Interferon-beta; GA, Glatiramer acetate; DMF, Dimethyl fumarate. p-values

were obtained using Mann-Whitney U tests for continuous variables and Fisher’s exact tests for categorical variables.
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AIAEs+, n = 22 median (IQR) AIAEs-, n = 35 median (IQR) p value

Innate immune cells NK CD56dim 15.0 (9.58-20.3) 12.2 (8.561-17.7) ns
NKT 2.67 (1.58-3.99) 3.30 (1.84-5.80) ns
Monocytes 11.3 (8.44-20.1) 13.2 (8.33-21.8) ns
Regulatory cells Regulatory T cells 2.08 (1.66-3.34) 2.33 (1.50-3.40) ns
NK CD56 bright 0.97 (0.76-1.35) 0.97 (0.55-1.13) ns
CD4 IL-10+ 0.17 (0.10-0.31) 0.14 (0.10-0.20) ns
CD8 IL-10+ 0.11 (0.04-0.20) 0.11 (0.06-0.26) ns
CD19IL-10+ 0.19 (0.09-0.30) 0.23 (0.10-0.35) ns
T cells Total T cells 47.4 (39.7-56.3) 53.3 (48.8-63.8) 0.020
Total CD4+ T cells 32.4 (26.4-39.9) 41.8 (34.9-45.3) 0.013
CD4+ Naive 17.9 (12.7-25.6) 18.9 (10.3-28.5) ns
CD4+CM 8.56 (7.0-10.2) 9.42 (7.76-12.5) ns
CD4+ EM 3.83 (3.01-6.64) 7.21(3.40-11.2) 0.031
CD4+TD 1.05 (0.70-1.54) 1.60 (0.93-2.20) 0.034
Total CD8+ T cells 10.4 (8.14-14.3) 9.19 (6.75-17.1) ns
CD8+ Naive 5.10 (2.93-7.62) 3.27 (1.80-5.60) ns
CD8+ CM 0.44 (0.30-0.81) 0.31 (0.24-0.65) ns
CD8+ EM 2.22 (1.58-3.35) 1.93 (1.156-3.10) ns
CD8+ TD 2.59 (1.45-3.22) 2.40 (0.96-6.40) ns
B cells Total B cells 7.95 (5.10-13.1) 5.79 (3.90-6.66) 0.0014
Transitional B cells 0.09 (0.03-0.20) 0.04 (0.03-0.10) ns
Naive 4.10 (2.44-9.94) 2.46 (1.65-3.90) 0.013
Memory 2.11 (1.30-3.21) 1.60 (1.25-2.97) ns
Plasmablasts/Plasma cells 0.13 (0.08-0.23) 0.07 (0.05-0.10) 0.0011

AIAEs, Autoimmune adverse events; IQR, 25%-75% interquartile range; ns, not significant; NK, Natural Killer cells; NKT, Natural Killer T cells; CM, central memory; EM, effector memory;
TD, terminally differentiated. Percentages were calculated over total peripheral blood mononuclear cells. p-values were obtained using Mann-Whitney U test.
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AIAEs+, n = 22 median (IQR) AIAEs-, n = 35 median (IQR) p value

CD4+ T cells CD4+ TNF-alpha+ 132 (9.57-17.1) 16.9 (12.9-22.1) ns
CD4+ GM-CSF+ 1.30 (0.79-1.66) 1.37 (0.97-2.47) ns
CD4+ IFN-gamma+ 2,60 (2.08-4.50) 3.88 (2.27-5.50) ns
CD4+ IL-17+ 0.17 (0.09-0.31) 0.12 (0.09-0.20) ns

CD8+ T cells CD8+ TNF-alpha+ 3.39 (1.98-5.36) 5.42 (3.15-8.02) 0.029
CD8+ GM-CSF+ 059 (0.30-1.01) 0.74 (0.50-1.07) ns
CD8+ IFN-gamma+ 2.48 (1.47-4.08) 3.41 (1.78-4.86) ns
CD8+ IL-17+ 0.06 (0.08-0.10) 0.09 (0.04-0.10) ns

B cells TNF-alpha+ 1.70 (1.10-2.99) 242 (1.33-5.54) ns
GM-CSF+ 032 (0.18-0.58) 0.30 (0.20-0.40) ns

AIAEs, Autoimmune adverse events; IQR, 25%-75% interquartile range; ns, not significant; IL, Interleukin; TNF, Tumor necrosis factor; GM-CSF, Granulocyte-Macrophage Colony
Stimulating Factor;: IFN, Interferon. Percentages were calculated over total peripheral blood mononuclear cells. p-values were obtained using Mann-Whitney U test.
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Variable

Sex (F/M)
Age at disease onset [years] — median (IQR)
Age at treatment onset [years] — median (IQR)
Disease duration [years] — median (IQR)
EDSS score at treatment onset — median (IQR)
Annualized relapse rate in the two previous years — median (IQR)
Previous disease modifying treatments (Yes/No)
Number of previous treatments - median (range)
Last treatment (Number of patients)
None
IFN-beta/GA/Teriflunomide/DMF
Fingolimod
Natalizumab
Time of follow-up since alemtuzumab treatment onset [years] — median (IQR)
Alemtuzumab curses (Number of patients)
Two courses
Three courses

Patients (n = 59)

39/20
28 (23-33.6)
37 (30-44)
7.0 (3.0-11.5)
2.75 (1.5-3.63)
0.83 (0.63-1.75)
46/13
2(0-6)

14
19
13
13

355 (3.25-4.21)

54
5

n, number of patients; F, Female; M, male; EDSS, Expanded Disability Status Scale; IQR, 25%-75% interquartile range; IFN, Interferon; GA, Glatiramer acetate; DMF, Dimethy! fumarate.
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EDA (n=18) NEDA (n=51)

oM 6M *p oM 6M *p
IlgG [mg/dL] Gd+ 1113 (795-1573) 1125 (748-1478) >0.99 1095 (744-1120) 995 (737-1133) >0.99
Gd- 880 (750-1023) 927 (791-1010) >0.99 955 (825-1090) 984 (870-1195) >0.99
IgA [mg/dL] Gd+ 233 (206-324) 237 (210-361) >0.99 179 (188-225) 170 (165-215) >0.99
Gd- 172 (133-196) 177 (144-188) >0.99 199 (139-228) 208 (165-251) 0.006
IgM [mg/dL] Gd+ 72 (63-186) 60 (37-168) >0.99 95 (51-244) 77 (40-157) 0.018
Gd- 124 (60-160) 99 (36-134) 0.009 102 (80-159) 84 (67-131) 4.8*10*

Results are shown as Median [25-75% IQR]. P values were corrected by using Bonferroni test. Gd+/-, presence/absence of gadolinium enhancing lesions at baseline; EDA, evidence of
disease activity patients at 1 year of folow-up; NEDA, non-evidence of disease activity patients at 1 year of follow-up; OM, 0 Months (pre-ocrelizumab treatment); 6M, 6 Months of
ocrelizumab treatment; *p, corrected p value.

Bold values are significant values (p < 0.05).
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Group

Gd- NEDA
Gd- EDA
Gd+ NEDA
Gd+ EDA
All

oM
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41
12
10
6

69

Median

0.305
0.440
1.422
2411
0.569

NfL.zscore
IGR

[-0.361, 1.495]
[-0.101, 1.243]
[0.515, 1.642)
[2.074, 2.750]
[-0.094, 1.801]

6M
NfL.zscore
n Median IGR
l 0.176 [-0.496, 1.175]
12 0.210 [-0.319, 0.948]
10 0.151 [-0.422, 0.812)
6 1.646 [0.775, 2.395]
69 0.228 [-0.358, 1.282]

Results of NfL z score are shown as median [25-75% IQR]. Gd+/-, presence/absence of gadolinium enhancing lesions at baseline; EDA, evidence of disease activity patients at 1 year of
follow-up; NEDA, non-evidence of disease activity patients at 1 year of follow-up; OM, 0 Months (pre-ocrelizumab treatment); 6M, 6 Months of ocrelizumab treatment.
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Demographic data

PwRMS HS
No. of subject 29 12
Sex (% of female) 58% 62%
Age at baseline 34.0+87 31.0+57
Previous treatment IFNB (27). GA (1). none (1) -
Disease duration (years) 50+34 -
EDSS at baseline 2.0 (1.5-3.5) =
EDSS at month 72 1.7 (1.5-3.5) &
Number of patients who experienced relapses 13 -
Numbers of relapses in the 6-year follow up 16+0.9 =
Number of patients who developed secondary autoimmunity 9 -

Values are percentages or mean + SD and median and interquartile range for EDSS.





OPS/images/fimmu.2022.818325/fimmu-13-818325-g003.jpg
%of Th17 cells.

Th17/Treg cells ratio
oo 2 = m o
385 a5 &

°

20

" 3 2
7 L. =
i 1AL
g c
- r =}
m 2 2
o o
. ew
e
215
3 1 Responder patients
g 10 & Relapsing patients
£
T £, %
o not

‘Secondary autoimmunity

21





OPS/images/fimmu.2022.818325/fimmu-13-818325-g002.jpg





OPS/images/fimmu.2022.818325/fimmu-13-818325-g001.jpg
$seééééé =

i W P PR
s.,

il

SR EET T3 !": T §;2
4 framnrens i H gz'é'“"'ééé o
idd éééa%é HECECLEE

14 =





OPS/images/fimmu.2022.818325/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.763323/table2.jpg
Parameters Groups Values
Sex (number) Male 37
Female 13
Age [Years, mean + SD (range)] Male 69.64 + 10.59 (47-89)
Female 66.46 + 12.6 (38-85)
Duration [Years, mean + SD (range)] Male 3.18 + 3.65 (1-12)
Female 5.38 + 9.76 (1-36)
MMSE [mean + SD (range)] Male 22.84 + 3.032 (17-29)
Female 23.08 + 2.499 (19-26)
UPDRS [mean + SD (range)] Male 23.92 +7.418 (13-41)
Female 26.31 + 9.437 (16-42)
Hoehn & Yahr stage (number) | Male 8
Female 3
I Male 18
Female 5
i Male "
Female 5
Drug administration (number) L-DOPA 46
Bromocriptine, Amantadine, Quetiapine 4
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IncRNAs

Total patients vs.

Male patients vs.

Female patients vs.

Female patients vs. Male

Controls Male Female patients
(50 vs. 58) Controls (37 vs. 38) Controls (13 vs. 20) 13 vs. 37)
HULC Expression ratio (Lower Limit-Upper 0.19 (0.130-0.279) 0.513 (0.339-0.775) 0.071 (0.037-0.134) 0.962 (0.318-1)
Limit)
Adjusted P Value <0.0001* 0.3746 0.0004 0.757
PVT1 Expression ratio (Lower Limit-Upper 0.55 (0.435-0.696) 0.619 (0.479-0.799) 0.49 (0.33-0.727) 0.962 (0.673-1.375)
Limit)
Adjusted P Value 0.0124* 0.2430 0.2770 0.999
DSCAM- Expression ratio (Lower Limit-Upper 5.672 (3.208- 9.526 (5.124-17.71) 3.375 (1.296-8.784) 0.116 (0.048-0.276)
AS1 Limit) 10.029)
Adjusted P Value 0.0029* 0.0024* 0.5826 0.0683
SPRY4-IT  Expression ratio (Lower Limit-Upper 2.64 (1.735-4.019)  3.434 (2.174-5.432) 2.03 (1-4.106) 0.913 (0.482-1.728)
Limit)
Adjusted P Value <0.0227 <0.0397* <0.7471 0.9999
LINC-ROR  Expression ratio (Lower Limit-Upper 10.36 (6.236-17.21) 4.575 (2.634-7.948) 23.47 (10.014-55.024) 0.854 (0.395-1.848)
Limit)
Adjusted P Value <0.0001* 0.0345* 0.0019" 0.9970
MEG3 Expression ratio (Lower Limit-Upper 13.94 (7.86-24.706)  8.603 (4.615-16.037) 22.58 (8.639-59.014) 1.392 (0.583-3.321)

Limit)
P-value

<0.0001

<0.0044*

<0.0085*

0.9811

The expression ratio of each gene (mean, lower limit and upper limit) is shown as the ratio of expression of the first group compared to the second group in each column.
* shows significance.
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HuLe 2l DSCAM-AS1 SPRYAIT LING-ROR MEG3

AUC  Sensitivty Specificty P AUC Sensitivity Specificity P AUC Senstivy Specificty P AUC Sensitiity Specifity P AUC Sensitvity Specificiy PValue AUC Sensitiity Specificity P Value

250 Valve =D Vale  +5D Value =D Valve =D =50
Total patients 5. 068 096 03 00007 064 082 072 00122 06: 084 043 0074 085 02 074 o007 078 07 074 <0000 077 088 08 <0001
total normal . . 0085 . . +
cortrols (50vs. 0,050 0084 0082 0040 o047
%)
Femde patients 084 082 075 00000 074 084 085 001 053 092 03 o7 0@ 07 0s 02 088 070 063 0005 08 o7 08 006
. Fomake + + + s + N
normal controls 0,068 010 010 009 006 008
(13 5. 20)
Male patients vs. 06+ 022 094 018 059 05t 088 014 078 086 073 0005 067 083 05 00089 068 070 063 0057 078 075 068 00004
Maenoma  0.006 + s s + N
controls (37 vs. 008 006 006 0062 0059

)
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Parameters Age HuLC PVT1 DSCAM-AS1 SPRY4-IT LINC-ROR MEG3 Disease stage Disease MMSE UPDRS

(Hoehn & Yahr  duration
stage)
R Pvave R P R P R P R P R P R P R Pvate R Pvalue R Pvaue R Pvalue
value value value value value value
Age 1 0 006 064 0051 072 -0079 058 -005 071 028 01 015 030 014 031 -009 049 -061* 0000002 011 043
Disease duration 009 049 013 0354 -0.07 063 -0.046 075 0048 07385 -004 0768 -0.01 091 06 0000004 1 0 -0.39* 0005577 0.52* 0.0001
Discase stage (Hoshn 014 031  -005 07 0007 096 -005 07 002 087 004 073 007 060 1 0 06 0.000004 -0.54* 0.000048 0.70* 1.4167E-
& Yahr stage) 8
MMSE -061 0000002 -009 053 0033 081 0044 076 0014 092 -013 037 -006 064 -05 0000048 -0.39* 0005577 1 0 033 002
UPDRS 011 043 011 041 0052 072 -0.005 0970 -0039 078 0078 059 015 027 070* 1.4167E- 052* 0000103 -0.33* 002035 1 o
8

* shows significance.
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Gene Primer sequence Primer length Product size

HULC Forward primer ACGTGAGGATACAGCAAGGC 20 75
Reverse primer AGAGTTCCTGCATGGTCTGG 20

PVT1 Forward primer CCCATTACGATTTCATCTC 19 181
Reverse primer GTTCGTACTCATCTTATTCAA 21

MEG3 Forward primer TGGCATAGAGGAGGTGAT 18 1
Reverse primer GGAGTGCTGTTGGAGAATA 19

SPRY4-IT1 Forward primer AGCCACATAAATTCAGCAGA 20 115
Reverse primer GATGTAGGATTCCTTTCA 18

LINC-ROR Forward primer TATAATGAGATACCACCTTA 20 170
Reverse primer AGGAACTGTCATACCGTTTC 20

DSCAM-AS1 Forward primer TCAGTGTCGCTACAGGGGAT 20 118
Reverse primer GGAGGAGGGACAGAGAAGGA 20

B2M Forward primer AGATGAGTATGCCTGCCGTG 20 105
Reverse primer GCGGCATCTTCAAACCTCCA 20
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Clinical group HD MS BMS HAMS

Memory B cells 519 41+ 6 34+5 46 +9
Naive B cells 192 + 40 216 + 47 172 £ 42 246 £ 75
Memory Breg cells 89+ 17 77 £22 44 +6 100 + 34

All values are given as absolute counts per mm® and presented as mean + SEM.
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Clinical group

Absolute counts B cells per mm®
Absolute counts tBreg cells per mm®
T2/T1 ratio

Absolute counts T1 cells per mm?

Absolute counts T2 cells per mm®

455 + 52
8.4 £ 1.0%
28+02
23+03
6.1 £0.7%

508 + 74
24.0 £ 52*
39+07
6.6 £ 2.1*
16.3 + 3.6*

BMS

508 + 98
17.7 £ 3.0*
32+03
35+08
99 +22

HAMS

508 + 112
29.1 £9.0
4411
81+3.1
194 +5.1*

All values are expressed as mean values + SEM. Significantly different values evaluated by a Mann Whitney test between the healthy donors and MS patients are indicated with asterisks.
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MS
phenotype

BMS
BMS
BMS
BMS
BMS
BMS
BMS
BMS
BMS
HAMS

HAMS
HAMS

HAMS

HAMS

HAMS

HAMS

HAMS

HAMS

HAMS

Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy

Age,
years

56
61
43
36
46
43
43
58
70
33

23
37

29

39
22
46
44
24
44
24
40
36
27
42
25
39
42
35
51
24
34
24
35
68
47

Gender EDSS

female
female
female
male

female
female
male

female
female

male

male

female

female

female
female
male
male
male
female
female
female
male
female
female
female
male
female
female
female
female
male
female
male
female

male

2.5

15
25

25
4.0
35
4.0

8.5
4.5

8.5

4.0

4.5
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Treatment

No treatment
No treatment
No treatment
No treatment
No treatment
No treatment
No treatment
No treatment
No treatment

IFNB1b (2006-2011; 2014-
2017)

No treatment

IENB1b (2014-2016)
GA (2016-2017)

GA (2012-2014)
1VIG (2014)
IFNB1b (2015-2016)

No treatment
No treatment
IFNB1b (2019)
IFNP1b (2014-2015)
No treatment
No treatment
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Disease duration,
years

11
26
12
14
27
27
18
30
30
12

12

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

BCR repertoire CD27" phenotypic

analysis analysis
+ -
+ -
+ =
+ -
- +
- +
- +
- +
- +
¥ -
+ =
+ -
+ =
+ =
- +
- +
- +
- +
- +
+ a
+ -
% -
+ a
¥ -
¥ -
- +
- +
- +
- +
- +
- +
- +

[ENBLb, interferon-B-1b; GA, glatiramer acetate; IVIG, intravenous immunoglobulin; HAMS, highly active MS; BMS, benign MS; HD, healthy donors; N/A, not applicable.

+” indicates that the corresponding analysis has been carried out.
indicates that the corresponding analysis has not been performed.
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AlAEs+, n = 13 median (IQR) AIAEs-, n = 26 median (IQR) p value

T cells CD4 T cells 220 (17.5-27.4) 18.9 (15.0-21.3) ns
CD4 EM 2,56 (2.00-3.67) 4.15 (2.08-6.08) ns
cD4 TD 0.70 (0.39-1.19) 0.90 (0.60-1.45) ns
CD8+ TNF-alpha 2.30 (1.92-7.64) 2,63 (1.15-3.17) ns

B cells Total B cells 13.4 (5.06-18.2) 103 (6.00-14.7) ns
Naive 9.25 (3.14-16.8) 8.29 (4.37-12.6) ns
Plasmablasts/plasma cells 0.17 (0.09-0.28) 0.09 (0.05-0.10) 0.0058

AIAEs, Autoimmune adverse events; EM, effector memory; IQR, 25%-75% interquartile range; ns, not significant; TD, terminally differentiated. Percentages were calculated over total
peripheral blood mononuclear cells. p-values were obtained using Mann-Whitney U test.
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Medical history Medication

Arterial hypertension (x 1) Estradiol (x 1)
Bronchial asthma (x 1) Levothyroxine (x 9)
Carpal tunnel syndrome (x 1) Oral contraceptives (x 2)
Chronic back pain (x 1) Orthomol (x 1)
Coceygeal fistula (x 1) Progesterone (x 1)
Depression (x 1) Salbutamol (x 1)
Epilepsy (x 1) Sumatriptan (x 2)

Factor V Leiden (x 1) Vitamin D (x 1)
Hashimoto thyroidits (x 3)

Hypothyreosis (x 5)

Lactose intolerance (x 1)

Migraine (x 4)

Obesity (x 1)

Spondylarthrits (x 1)
Status post autoimmune thyroiditis (x 1)
Status post Bell's palsy (x 1)

Status post benign tumor resection (x 1)
Status post herpes zoster infection (x 2)
Status post Lyme disease (x 1)

Status post other fracture (x 1)

Status post pelvic fracture (x 1)

Status post sinusitis (x 1)

Status post strabismus correation (x 1)
Status post tonsilectomy (x 1)

Status post type C gastitis type (x 1)
Status post vestibular neuritis (x 1)
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0.26
0.10
4.81
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0.00
0.12
0.10
0.82
0.01
0.00
0.39
-0.17

SEB

0.10
2.10
0.71
2.70
0.22
0.09
1.95
0.88

0.01
0.21
0.07
027
0.02
0.01
0.19
0.09

95% Cl for B

LB

-0.19
-1.68
-0.98
228
-0.20
—0.08
0.84
-2.70

—0.02
-0.30
-0.04
0.28
-0.03
-0.01
0.00
-0.36

uB

022
6.85
1.90
13.26
071
027
8.78
0.86

0.02
054
025
137
0.08
0.02
0.78
0.00

003
0.19
0.09
0.43
0.19
0.18
0.36
-0.16

-0.02
-0.30
-0.04
028
-0.03
-0.01
0.00
-0.35

0.16
1.23
0.65
2.87
1.14
1.14
2.46
-105

0.02
054
0.25
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0.06
0.02
0.78
0.00

ns.
ns.
ns.

0.007
ns.
ns.

0.019

ns.

ns.
ns.
ns.

0.004
ns.
ns.

0.049
ns.

BDI, Beck Depression Inventory (dependent variable); SCLIORD, depression dimension
of the Symptoms Checkiist-90-Revised (dependent variable); B, unstandardized B
coeffcient; SE B, standard error of the B coefficient; 95% CI, 95% confidence interval;
LB, lower bound; UB, upper bound; p, standardized beta coeffcient; ¢, t-value; p, p-
value; .s., not significant; EDSS, Expanded Disabilty Status Scale; CRP elevation, C-
reactive protein elevation (elevated: > 0.50 mg/d; normal < 0.50 mg/d); CSF WBC,
white blood cells count in the cerebrospinal flid; GE +, gadolinium enhancement in

T1-weighted imaging.
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Gender Female 32

Male 12
Diagnosis RRMS 31

cis 8

PPMS 5
CRP Elevated 3

Normal 38
MS lesion locations 1 7

2 11

3 12

4 14
GE + in at least one Yes 30
MRl imaging No 14
AVMP-MRI >14 days 3

<14 days 12
AIVMP-BDI >14 days 18

<14 days 26
Age (years) 35.68 1063
EDSS 2.02 128
CSF WBC (/) 11.09 11.78
Albumin (g/) 44.95 460
BDI 677 625
SCLOORD 064 062

n, number of patients in the respective category; x, mean value; SD, standard deviation;
RRMS, relapsing-remitting muliole sclerosis; CIS, ciinically isolated syndrome; PPMS,
primary progressive multiple sclerosis; CRR, C-reactive protein (elevated: >0.50 mg/di;
normal <0.50 mg/d); MS lesion locations, total number of typical MS lesion locations
(uxtacortical, periventricular, infratentoril, and spinel) per subject with T2- or FLAIR-
hyperintense lesions; GE +, gadolinium enhancement in T1-weighted imeging; AIVMP-
MRI > 14 days, no steroid treatment or the interval between IVMP and MRl was >14
days; AVMP-MRI < 14 days, interval between IVMP and MRI < 14 days; ANVMP-
BDVSCLIORD > 14 days, no steroid treatment or the interval between IVMP and
BDV/SCLIORD was > 14 days; MVMP-BDVSCLIORD < 14 days, interval between IVMP
and BDISCLIORD < 14 days; EDSS, Expanded Disabilty Status Scale; CSFWBC, white
blood cells count in the cerebrospinal fluid; BDI, Beck Depression Inventory; SCLIORD,
depression dimension of the Symptoms Checklist-90-Revised.





