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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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