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Alemtuzumab (anti-CD52 mAb) leads to a long-lasting disease activity suppression in patients with relapsing forms of multiple sclerosis (MS). In this study, we examined the change of the immune cell repertoire and the cellular reactivity after treatment with alemtuzumab. We analyzed the number of IFN-γ–secreting cells in presence of several peptides which had been eluted from the central nervous system (CNS) of MS patients and are possible targets of autoreactive T cells in MS. The patients showed a stabilized disease activity measured in clinical parameters and lesion formation after the treatment. We detected a reduction of the number of IFN-γ–secreting cells in the presence of every tested self-antigen. The number of IFN-γ–secreting cells was also reduced in the presence of non-self-antigens. We also found a clear change in the immune cell repertoire. After an almost complete depletion of all lymphocytes, the cell specificities showed different reconstitution patterns, resulting in different cell fractions. The percentage of CD4+ T cells was clearly reduced after therapy, whereas the fractions of B and NK cells were elevated. When we evaluated the number of IFN-γ–secreting cells in relation to the number of present CD4+ T cells, we still found a significant reduction. We conclude that the reduction of IFN-γ–secreting cells by alemtuzumab is not only due to a reduction of the CD4+ T cell fraction within the peripheral blood mononuclear cell (PBMC) compartment but might also be caused by functional changes or a shift in the distribution of different subtypes in the CD4+ T cell pool.
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Introduction

Alemtuzumab has been approved for the treatment of patients with relapsing forms of multiple sclerosis (MS) since 2014. It is a humanized monoclonal antibody against the surface protein CD52, a glycosylphosphatidylinositol-anchored glycoprotein (1), which is expressed predominantly on B and T Lymphocytes, and to a lesser extent also on monocytes, macrophages and eosinophil granulocytes (2). Alemtuzumab is applied intravenously in a dose of 12 mg per day in two cycles, first for five consecutive days, one year later for three consecutive days. The drug leads to a fast depletion of CD52+ lymphocytes, whereas hematopoietic stem cells are widely undisturbed and can provide the possibility of reconstitution (3). Alemtuzumab’s effectivity has been proven in one phase II and two phase III studies where it showed superiority to treatment with interferon β-1a concerning clinical outcomes in patients with relapsing forms of MS (4–6). There are side effects of alemtuzumab that mainly relate to induction of secondary autoimmunity like autoimmune thyroid disease, immune thrombocytopenic purpura and autoimmune nephropathies (7). Also, emergence of rare autoimmune diseases has been described after treatment with alemtuzumab in patients with MS such as ANCA-associated vasculitis (8) as well as anti-GABAa receptor encephalitis (9). In this study, to receive more information about its mechanisms of action, we examined the influence of alemtuzumab on the disease activity measured in clinical parameters and magnetic resonance imaging (MRI) scans in five patients with relapsing remitting multiple sclerosis (RRMS). Importantly, we used blood samples taken of these patients to examine the change of the immune cell repertoire and of the activity of immune cells after treatment with alemtuzumab. Specifically, we assessed the influence of treatment of alemtuzumab on auto-antigen-specific Th1 T cells. Potentially, these are the disease drivers in patients with active MS (10).



Materials and Methods


Study Subjects

Five RRMS patients, who received alemtuzumab because of high disease activity, were enrolled in this study. Alemtuzumab was applied in two cycles, first in five consecutive days, about one year later in three consecutive days with a dose of 12 mg per day, respectively. The study duration was 36 months. At the time of the first infusion, the mean disease duration was 6 years and the mean patients age was 31 years. Subject characteristics are summarized in Supplemental Table 1. The study protocol was approved by the ethical committee of the University of Regensburg to the principal investigator of this study RW (approval no. 12-101-0004). All procedures performed in studies involving human participants were carried out in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. All patients have given written informed consent.



PBMC Isolation

Venous blood (100 ml) was drawn into sterile heparinized syringes. Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using Lymphoprep (Stemcell Technologies, Vancouver, Canada), according to standard procedures. In two following washing steps, the cells were resuspended in RPMI medium (Thermo Fisher Scientific, Waltham, MA, USA). The PBMCs were shock-frozen in liquid nitrogen in a solution containing fetal bovine serum (Harvard Bioscience, Holliston, MA, USA) and Dimethyl Sulfoxide (DMSO, Sigma Aldrich, St. Louis, MO, USA) for later analyses. The isolation as well as the freezing and thawing of cells were performed as described (11).



Flow Cytometry

Flow cytometric studies were performed on fresh cells as well as on frozen and thawed PBMC. Fresh cell samples were used to measure the absolute counts of T cells, B cells, and NK cells as well as the absolute counts of the subgroups of CD4+ cells and CD8+ cells within the T cell pool. For this analysis, peripheral blood samples were collected from five RRMS patients at different time points (Supplemental Figure 1). The absolute cell counts of patient number 1, 2, 4, and 5 at baseline were estimated based on the absolute count of leucocytes in the blood differential The patients did not receive any immunomodulatory therapy at this time, so we assumed a normal distribution of different leucocyte subsets. Because there was no specific clinical indication, the extensive measurement of lymphocyte subpopulations was not performed at this time. Subsequent analyses showed the change in the immune cell repertoire in the chronological course. Flow cytometry was also performed with the frozen and thawed PBMC to define the exact distribution of lymphocyte subpopulations in the samples for Enzyme Linked Immuno Spot Assay (ELISpot) analyses. Therefore, the frozen cells were thawed rapidly and stained for flow cytometry within two hours. Multiparametric flow cytometry of major lymphocyte subpopulations, including T, T helper, T cytotoxic, B, and NK lymphocytes, was carried out by using the BD Multitest™ 6-color TBNK platform, containing saturating amounts of fluorophore-conjugated monoclonal antibodies against CD45, CD3, CD19, CD16, CD56, CD4, and CD8 (BD Biosciences, Franklin Lakes, NJ, USA). Precise quantification of cellular subsets was performed in BD TrucountTM tubes, containing defined amounts of fluorescence microbeads (BD Biosciences). The cells were measured on a FACSCanto II flow cytometer by using the FACSCanto Clinical Software version 2.4 (BD Biosciences).



ELISpot Assay

The ELISpot analyses were performed on isolated PBMCs which blood samples had been collected before and after the beginning of treatment (Supplemental Figure 2). The number of IFN-γ–secreting cells was measured in presence of various (auto)antigens. The number of IFN-γ–secreting cells was chosen as measured value, because IFN-γ is produced predominantly by Th1 cells and these seem to be of great importance in the pathogenesis of CNS autoimmunity (12). Most of the stimulation peptides we used were eluted from MHC molecules from the CNS of patients with MS (13) (Table 1). Two additional peptides were sequences of tetanus toxoid (14) and JC virus (15) (Table 2). The eluted ligands had been shown to induce elevated Th1 T cell responses in patients with active MS (10). All measurements were performed according to the manufacturer´s instructions (Mabtech, Nacka Strand, Sweden). In brief, the ELISpots plates (Mabtech), which were pre-coated with the anti–IFN-γ-monoclonal antibody mAb 1-D1K (Mabtech) were washed five times with PBS, before they were blocked with cell medium for about two hours. Then, 2*10^5 PBMCs in 100 µl of cell medium and the stimulation peptides were given to each well. For each peptide, triplicate wells were measured at a concentration of 3 µg/ml. The sample incubation was 48 h at 37°C and 5% CO2 in humidity. After another washing step (five times with PBS), the mAb 7-B6-1-ALP, which adheres to IFN- γ and is coupled to an alkaline phosphatase, was added. The incubation duration this time was 2 h at room temperature. After the next washing step (again five times with PBS) the spots were detected by a colorimetric reaction using 5-bromo-4chloro-3-indolyl-phosphate/nitroblue tetrazolium (Mabtech). ELISpot plates were read on an AID ELISpot Reader (Advanced Imaging Devices GmbH, Strassberg, Germany) and spots were counted using the AID ELISpot Software. Remaining artifacts counted as spots were manually removed.


Table 1 | Overview of tested peptides that were eluted from MHC molecules from the CNS of patients with MS.




Table 2 | Other tested peptides.





Peptide Synthesis and Storage

Peptides were purchased from Pepscan (Lelystad, The Netherlands), where peptides were synthesized and purified. Purity was assessed by HPLC and mass spectrometry. Mean purity was 97.5%, ranging from 90% to 99.8%. Lyophilized peptides were solved in DMSO and stored at a concentration of 4 mg/ml at −20°C.



Assessment of the Clinical State

The participants of the study were very well characterized in respect of their clinical course and disease management. Anamnestic questioning about their subjective well-being and neurological examinations were regularly performed before the treatment with alemtuzumab as well as after the first and second treatment.



MRI Assessment

For the evaluation of the MRI scans of the brain, particularly the FLAIR- and T2-weighted axial images, furthermore the T1-weighted images after application of contrast medium were assessed. Also, images in sagittal and coronal direction were used for comparison. Concerning the MRI scans of the myelon, especially the sagittal scans were evaluated, but also the axial scans and proton weighted scans were considered. During the analysis, the number, localization and size of individual lesions and their development after the treatment were of special interest.



Statistical Analysis

Statistical analyses were performed using the GraphPad Prism 7 Software (GraphPad Software, San Diego, CA, USA). The tested variables followed the Gaussian distribution only at a part of the time points (p differed between p < 0.0001 and p = 8714, D’Agostino Pearson omnibus normality test). Therefore, the Wilcoxon matched pairs signed rank test was used to compare the reactivities at baseline to the reactivities later. Subsequently, Bonferroni correction for multiple comparisons was used. This testing strategy was also used to compare the reactivities at the time span 350–380 days to subsequent time points. The GraphPad Prism 7 Software was also used to plot the figures.




Results


Alemtuzumab Decreases the Absolute Counts of Different Lymphocyte Subpopulations, Which Reorganize Differently

To receive an impression of the extent of the cell depletion immediately after the alemtuzumab infusion, blood of one patient, which was taken 7 days after the beginning of the first infusion, was examined exemplarily. Thereby, a nearly complete depletion of B and T cells was detected. The concentration of CD4+ T helper cells, CD8+ cytotoxic T cells, and B cells was not higher than 1/µl. The concentration of NK cells was about 21/µl.

In the following months, several blood samples were taken to evaluate the recovery of lymphocyte subsets (Figure 1). During this time, every lymphocyte subpopulation began to increase again, but in different extents. The mean T cell count increased at each time point within the first year and reached a maximum of 700/µl before the second alemtuzumab infusion. The subgroup of CD4+ T cells came up to 389/µl which is less than 40% of the absolute CD4+ T cell count at baseline, whereas the subgroup of CD8+ T cells could recover about 71% of its original count with a mean absolute number of 364/µl. B cells recovered very well after their first depletion and could even exceed their baseline value within about one year, whereas NK cells did not reach their baseline value.




Figure 1 | Absolute numbers of cell specificities at different time points before and during treatment with alemtuzumab of patients with MS. At baseline, absolute numbers of cell specificities of patient 1, 2, and 4 were estimated based on the counts of leucocytes in the differential blood count. The patients did not receive any therapy which influences the immune state at this time, so we assumed a normal distribution of different cell specificity fractions within the leucocytes. Because there was no clinical indication, the extensive measurement of the immune state was not performed at this time point. The arrows indicate infusion of alemtuzumab.



The next analysis, which was performed after the second infusion of alemtuzumab, showed a reduction of every cell subset. The mean absolute T cell count was 237/µl. CD4+ T cells counted 98/µl, CD8+ T cells 105/µl. Just like in the year after the first infusion, B cell counts exceeded their previous baseline numbers, whereas absolute counts of other lymphocyte subpopulations remained at lower levels during the study.



Following Alemtuzumab Infusion, the Cellular Reactivity of PBMC on Each of the Analyzed Peptides Decreases

The number of IFN-γ–secreting cells was clearly lower about 3 months after the first infusion than at baseline (Figure 2). This result concerned all peptides 1 to 11, which have been eluted from CNS-derived MHC molecules of patients with MS as described (10, 13) and are possible targets of autoreactive cells in MS, but also the control peptides 12 and 13, JC virus (VP1_34-48) (15) and tetanus toxoid (tt830-844) (14), respectively (Figure 2). For all measurements, performed after the beginning of treatment, the reactivity was far less in those before the treatment. When all ligandome peptides 1 to 11 where evaluated together (Figure 3A), the difference between baseline and each of the other time points was significant (p differed between p < 0.001 and p < 0.01, Wilcoxon matched pair signed rank test and subsequent Bonferroni correction for multiple comparisons). The difference between time point 4 and time point 5 as well as the difference between time point 4 and time point 7 were significant, too (p < 0.01 respectively p < 0.05, Wilcoxon matched pair signed rank test and subsequent Bonferroni correction for multiple comparisons). Reactivities to the control peptides showed a similar trend (Figure 3B), but statistical analyses were not performed here because the low amounts of data.




Figure 2 | Cellular reactivity to antigens at different time points in relation to 2*10^5 PBMC. Data are shown for the absolute number of IFN-γ–secreting cells in relation to 2*10^5PBMC in the presence of different self-antigens (Table 1) and non-self-antigens (Table 2). The arrows indicate infusion of alemtuzumab.






Figure 3 | Immune reactivity to self- and non-self-antigens in relation to 2*10^5 PBMC. (A) Immune reactivity to peptides (self-antigens) 1 to 11 in relation to 2*10^5 PBMC (Table 1). Wilcoxon matched pairs signed rank test was performed to compare baseline reactivities to reactivities of other time points on the one hand and to compare reactivities of time point 5 to reactivities of subsequent time points. P values of this test are shown in the below. ***p < 0.001; **p < 0.01; *p < 0.05. (B) Immune reactivity to the non-self-antigens 12 and 13 (Table 2) in relation to 2*10^5 PBMC. Statistical analyses were not performed here, but the trend is illustrated. The arrows indicate infusion of alemtuzumab.





The Number of IFN-γ–Secreting Cells in Relation to Present CD4+ T Cells Decreases as Well

To find out, whether the decrease of the cellular reactivity can be explained by the change in the immune cell repertoire with lower fractions of IFN-γ–secreting CD4+ T cells or if there might also occur functional cell variations after alemtuzumab treatment, we calculated the number of IFN-γ–secreting cells in relation to 2*10^5 CD4+ T cells (Figure 4). In the analysis peptides 1 to 11 were evaluated together again (Figure 5A). We could find a decrease in the cellular reactivity, which was significant, when baseline values were compared with time points 1, 2, 4, 5, 6, or 7 (p values differed between p < 0.001 and p < 0.01, Wilcoxon matched-pair signed rank test and subsequent Bonferroni correction for multiple comparisons). A similar trend could be seen in presence of peptides 12 and 13 as well (Figure 5B), but statistical analyses were not performed.




Figure 4 | Changes of the cellular reactivity at different time points in relation to 2*10^5 CD4+ T cells. Cellular reactivity was assessed regarding different self-antigens (Table 1) and non-self-antigens (Table 2) in relation to 2*10^5 CD4+ T cells. The measured value was the number of IFN-γ–secreting cells in relation to 2*10^5 CD4+ T cells after stimulation with antigen. The arrows indicate infusion of alemtuzumab.






Figure 5 | Immune reactivity to self- and non-self-antigens in relation to 2*10^5 CD4+ T cells. (A) Immune reactivity to peptides (self-antigens) 1 to 11 (Table 1) in relation to 2*10^5 CD4+ T cells. Wilcoxon matched pairs signed rank test was performed to compare baseline reactivities to reactivities of other time points on the one hand and to compare reactivities of time point 5 to reactivities of subsequent time points. P values of this test are shown in the below. ***p < 0.001; **p < 0.01 (B) Immune reactivity to non-self-antigens 12 and 13 (Table 2) in relation to 2*10^5 CD4+ T cells. Statistical analyses were not performed here, but the trend is illustrated. The arrows indicate infusion of alemtuzumab.





Alemtuzumab Treatment Stabilizes the Disease Activity

The patients enrolled in the study were characterized very well in respect of their clinical state. Their course of disease before and after the beginning of alemtuzumab treatment is described as follows: The patients showed the first signs of disease between the ages of 20 and 30. The symptoms were multiple and included, paresthesia, dysarthria, paresis and vision disorders. All five patients received alemtuzumab because of high disease activity. Before alemtuzumab treatment, four of five patients received a couple of other disease modifying therapies (Supplemental Table 1), which could not prevent relapses or stop disease progression. One patient had remarkably high disease activity, right from the beginning, and was therefore given alemtuzumab as a first disease modifying drug. The first infusion was given to all five patients between 10/2014 and 06/2017. In the following year, the clinical state of four patients was at least stable or even improved. One patient showed symptoms of a new relapse 3 weeks after the first infusion but stabilized after treatment with steroids. The expanded disability status scale (EDSS), which lay between 2 and 4.5 points before treatment, stayed at the same level in one case and reduced in four cases.



Alemtuzumab Treatment Delays the Progression of CNS Lesions

In the MRI scans of the brain, which were performed before the alemtuzumab therapy started, all patients had multiple lesions, partially with contrast medium enhancement. During several months or years, the lesions enlarged, and new lesions developed. Within one year after the first infusion of alemtuzumab, the formation of new lesions stopped in four of five cases. The known lesions did not enlarge, in some cases, they even reduced in size. Furthermore, there was no evidence of contrast enhancement after application of gadolinium intravenously. Only one patient, who relapsed three weeks after the first infusion of alemtuzumab, showed new lesions after the treatment. Concerning the MRI scans of the myelon, the results were similar. After the beginning of the therapy, the known lesion did not change, and new lesions did not appear.




Discussion

We show that the number of IFN-γ–secreting cells in presence of different self-antigens and non-self-antigens decreases after treatment of patients with MS with alemtuzumab when compared to baseline values. We chose to assess numbers of IFN-γ–secreting cells, because Th1 cells seem to be of great importance in the pathogenesis of MS (10, 16). Due to limited amounts of data sets, statistical analyses were not performed to every single peptide, but a decrease of IFN-γ–secreting cells can be seen clearly. The decrease persisted when the number of IFN-γ–secreting cells was normalized to the present CD4+ lymphocytes. Therefore, it is not only due to a decrease of the absolute numbers of CD4+ lymphocytes but could also indicate functional changes of the immune cell repertoire. The depletion of different cell types after treatment with alemtuzumab of MS patients in our study is in line with the findings in the phase II and phase III studies (4–6).

Allusions to a reduction of cellular reactivity by alemtuzumab are also provided by the analyses of T lymphocytes of patients with rheumatoid arthritis, who had been treated with alemtuzumab, because they showed a transient reduction of their proliferation rate after stimulation with anti-CD3 (17). The reaction to novel antigens and known antigens was also examined in patients with rheumatoid arthritis 12 years after treatment with alemtuzumab. Then the antibody production was in the age-specific reference range. Therefore, it was concluded that vaccinations in alemtuzumab treated patients would be reliable and guarantee protection despite lymphopenia on the long run (18).

A model with transgenic mice showed, that alemtuzumab neither impairs the cytolytic activity of natural killer cells ex vivo nor the capacity of macrophages for phagocytosis in vivo nor the antibody production of B lymphocytes to a T-independent antigen in a significant manner (19). The results of the same study also indicated a stable reactivity of T lymphocytes after alemtuzumab. In contrast to the above indicated results in patients with rheumatoid arthritis, the T lymphocytes had a normal proliferation and cytokine production after stimulation with anti-CD3 (17). Furthermore, their primary reaction to an immunization with adenovirus Ad2 was not significantly impaired (19).

The reduced number of IFN-γ–secreting cells, which was observed in the ELISpot analyses, could also be caused by a reduction of the Th1 fraction within the CD4+ lymphocyte pool, which was already seen in MS patients (20, 21). In one study, the reduction of Th1 cells was accompanied by a reduced concentration of IFN-γ in the serum (20), whereas in a mouse model, alemtuzumab did not decrease significantly the IFN-γ production per Th1 cell (19).

We did not assess the influence of depletion on T regulatory cells. An increase of Treg cells was found directly following depletion with alemtuzumab in patients with MS (22). The authors concluded that this is due to an early relative alteration of the distribution in the T cell repertoire after depletion with alemtuzumab. On the longer run there was also depletion of Treg cells in a similar manner to other types T cells (22).

In this study, we did not investigate the emergence of secondary autoimmunity in patients with MS treated with alemtuzumab (7–9). Such studies would require larger MS patient numbers and large numbers of autoantigens derived from various organs for detection of autoantigen-specific T cell responses.

Our data strongly supports the view that the effects of cellular depletion by alemtuzumab in patients with MS could be due to a strong decrease of the immune reactivity of Th1 T cells that are specific for self-antigens. Unwanted side effects like general immunosuppression are possibly partly due to a similar depletion of non-self-reactive Th1 cells.
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