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            Abstract
Cytokine dysregulation is a central driver of chronic inflammatory diseases such as multiple sclerosis (MS). Here, we sought to determine the characteristic cellular and cytokine polarization profile in patients with relapsingâ€“remitting multiple sclerosis (RRMS) by high-dimensional single-cell mass cytometry (CyTOF). Using a combination of neural network-based representation learning algorithms, we identified an expanded T helper cell subset in patients with MS, characterized by the expression of granulocyteâ€“macrophage colony-stimulating factor and the C-X-C chemokine receptor type 4. This cellular signature, which includes expression of very late antigen 4 in peripheral blood, was also enriched in the central nervous system of patients with relapsingâ€“remitting multiple sclerosis. In independent validation cohorts, we confirmed that this cell population is increased in patients with MS compared with other inflammatory and non-inflammatory conditions. Lastly, we also found the population to be reduced under effective disease-modifying therapy, suggesting that the identified T cell profile represents a specific therapeutic target in MS.
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                    Fig. 1: Automated data analysis of cytokine-producing immune cells identifies a dysregulation of GM-CSF in MS.[image: ]


Fig. 2: GM-CSF-competent TH cells are increased in MS.[image: ]


Fig. 3: Characterization of the CellCNN-identified TH signature reveals the co-expression of GM-CSF and CXCR4.[image: ]


Fig. 4: The signature TH population is enriched in MS.[image: ]


Fig. 5: DMF immunomodulation reduces the identified TH signature in patients with MS.[image: ]


Fig. 6: GM-CSF and CXCR4 signature cells are enriched in the CSF of patients with MS.[image: ]
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              Mass cytometry and flow cytometry data analyzed in the manuscript (Figs. 1â€“6) are available in a public repository at http://flowrepository.org/experiments/2166/. Patient-related data not included in the manuscript may be subject to patient confidentiality.
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Extended data

Extended Data Fig. 1 Single-cell t-SNE profiling of immune cells.
PBMCs from all sample groups were restimulated with phorbol 12-myristate 13-acetate (PMA)/ionomycin and analyzed by mass cytometry. The t-SNE algorithm (30,000 cells, equally selected from healthy donors (HDs; nâ€‰=â€‰29), NINDCs (nâ€‰=â€‰31) and patients with MS (nâ€‰=â€‰31) and from all samples) was used to depict different populations therein. a, The expression of each indicated marker is overlaid. b, FlowSOM-based immune cell populations are overlaid as a color dimension.

                          Source data
                        


Extended Data Fig. 2 FlowSOM-guided clustering of peripheral blood immune cell lineages.
a, PBMCs from HDs (nâ€‰=â€‰29), NINDCs (nâ€‰=â€‰31) and patients with MS (nâ€‰=â€‰31) were restimulated with PMA/ionomycin and analyzed by mass cytometry. Heat maps of FlowSOM-identified initial nodes and their mean surface marker expression levels are shown, together with their lineage assignment (color coded). b, Biaxial plots showing the expression of the main lineage markers of FlowSOM-based populations (colored). The total samples from HDs (nâ€‰=â€‰29), NINDCs (nâ€‰=â€‰31) and patients with MS (nâ€‰=â€‰31) are shown in gray. c, Data as in a were manually gated to define the same populations. Samples from three independent runs were analyzed. d, Correlation of frequencies for the immune populations (color coded), as defined by FlowSOM and manual gating. Each dot represents the frequency of a leukocyte population of one donor (nâ€‰=â€‰91). The Pâ€‰value was calculated using linear regression. e, Frequencies of immune cell lineages in peripheral leukocytes of NINDCs (nâ€‰=â€‰31), patients with RRMS during remission (nâ€‰=â€‰18) or during relapse (nâ€‰=â€‰12), patients with secondary progressive MS (SPMS) (nâ€‰=â€‰5) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰29). f, Frequencies of cytokine+ cells within PBMCs of NINDCs (nâ€‰=â€‰31), patients with RRMS during remission (nâ€‰=â€‰18) or during relapse (nâ€‰=â€‰12), patients with SPMS (nâ€‰=â€‰5) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰29). Box plots depict the IQR, with a horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Points represent individuals.

                          Source data
                        


Extended Data Fig. 3 Age analysis of patients with MS and control groups.
a, Box plots depict the age of HDs (nâ€‰=â€‰29), NINDCs (nâ€‰=â€‰31) and patients with MS (nâ€‰=â€‰39). b, Age distribution among HDs (nâ€‰=â€‰29), NINDCs (nâ€‰=â€‰31) and patients with MS (nâ€‰=â€‰39). c, Correlation between frequencies of cytokine-producing PBMCs and age. Regression curves with confidence intervals are depicted for HDs (nâ€‰=â€‰29), NINDCs (nâ€‰=â€‰31) and patients with MS (nâ€‰=â€‰39). Box plots depict the IQR, with a white horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Pâ€‰values are based on two-tailed Mannâ€“Whitneyâ€“Wilcoxon tests between groups. Controlling for multiple comparisons was accomplished via the Benjaminiâ€“Hochberg approach. Every point represents one individual.
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Extended Data Fig. 4 Leukocyte and cytokine production characterization in subgroups of patients with MS.
a, Exemplary GM-CSF production by total leukocytes with (right) or without (left) previous PMA/ionomycin stimulation (three independent experiments). b, Frequencies of immune cell lineages within GM-CSF+ cells in NINDCs (nâ€‰=â€‰21), patients with RRMS during remission (nâ€‰=â€‰17) or during relapse (nâ€‰=â€‰10), patients with SPMS (nâ€‰=â€‰3) or PPMS (nâ€‰=â€‰2), and HDs (nâ€‰=â€‰24). c, Frequency of GM-CSF-positive cells in major immune lineages in NINDCs (nâ€‰=â€‰31), patients with RRMS during remission (nâ€‰=â€‰18) or during relapse (nâ€‰=â€‰12), patients with SPMS (nâ€‰=â€‰5) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰29). d, Frequencies of FlowSOM-based TH memory subpopulations in total TH cells in NINDCs (nâ€‰=â€‰31), patients with RRMS during remission (nâ€‰=â€‰18) or during relapse (nâ€‰=â€‰12), patients with SPMS (nâ€‰=â€‰5) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰29). e, Frequencies of GM-CSF+ TH cells in NINDCs (nâ€‰=â€‰23), patients with RRMS during remission (nâ€‰=â€‰18) or during relapse (nâ€‰=â€‰11), patients with SPMS (nâ€‰=â€‰4) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰27). f, Co-production of other cytokines by GM-CSF+ TH cells in NINDCs (nâ€‰=â€‰23), patients with RRMS during remission (nâ€‰=â€‰18) or during relapse (nâ€‰=â€‰11), patients with SPMS (nâ€‰=â€‰4) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰27). g, Frequencies of GM-CSF production by cytokine+ TH cells in NINDCs (nâ€‰=â€‰13), patients with RRMS during remission (nâ€‰=â€‰14) or during relapse (nâ€‰=â€‰8), patients with SPMS (nâ€‰=â€‰4) or PPMS (nâ€‰=â€‰2), and HDs (nâ€‰=â€‰22). h, FlowSOM was used to identify total TH cell subsets based on their cytokine production profile (kâ€‰=â€‰17; elbow criterion). Clusters were manually annotated based on this profile. The mean expressions of surface and cytokine markers by the respective TH cell subsets are shown. i, Frequencies of FlowSOM-defined GM-CSF+ TH cell subsets in NINDCs (nâ€‰=â€‰31), patients with RRMS during remission (nâ€‰=â€‰19) or during relapse (nâ€‰=â€‰12), patients with SPMS (nâ€‰=â€‰5) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰29). j, The t-SNE algorithm (30,000 cytokine-expressing TH cells, equally selected from different clinical groups and from all samples) was used to depict different populations therein. FlowSOM-based TH subsets (left) and the expression of each indicated marker (right) are overlaid. Representation plots from randomly selected cells from three independent experiments are shown. Box plots depict the IQR, with a white horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Every point represents one individual.
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Extended Data Fig. 5 GM-CSF-producing CD8+ T cells display cytokine production profiles largely analogous to CD4+ T cells.
CD8+ T cells were subdivided into naive, effector, effector memory and central memory cells based on FlowSOM-defined clusters. a, Left, mean expression levels of the indicated surface markers in the respective subpopulation. Right, frequencies of these subpopulations in total CD8+ T cells in NINDCs (nâ€‰=â€‰31), patients with RRMS during remission (nâ€‰=â€‰18) or during relapse (nâ€‰=â€‰12), patients with SPMS (nâ€‰=â€‰5) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰29). b, Frequency of these subpopulations in GM-CSF+ CD8+ T cells in NINDCs (nâ€‰=â€‰16), patients with RRMS during remission (nâ€‰=â€‰16) or during relapse (nâ€‰=â€‰10), patients with SPMS (nâ€‰=â€‰3) or PPMS (nâ€‰=â€‰1), and HDs (nâ€‰=â€‰21). c, Frequency of cytokine+ in GM-CSF+ CD8+ T cells. d, Production of GM-CSF by CD8+ T cells positive for the indicated cytokine cells in NINDCs (nâ€‰=â€‰11), patients with RRMS during remission (nâ€‰=â€‰5) or during relapse (nâ€‰=â€‰3), patients with SPMS (nâ€‰=â€‰2) or PPMS (nâ€‰=â€‰1), and HDs (nâ€‰=â€‰14). e, FlowSOM was used to identify GM-CSF+ CD8+ T cell subsets based on their cytokine production profile (kâ€‰=â€‰10; elbow criterion). Clusters were manually annotated based on this production profile. Top, mean expression of surface and cytokine markers by the respective subsets. Bottom, relative fractions (left) and absolute frequencies (right) of FlowSOM-defined GM-CSF+ CD8+ T cell subsets in NINDCs (nâ€‰=â€‰11), patients with RRMS during remission (nâ€‰=â€‰12) or during relapse (nâ€‰=â€‰6), patients with SPMS (nâ€‰=â€‰1) or PPMS (nâ€‰=â€‰1), and HDs (nâ€‰=â€‰14). f, Categorical t-SNE analysis, with heat maps depicting mean expression levels in each bin. Box plots depict the IQR, with a white horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Every point represents one individual.
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Extended Data Fig. 6 Co-production profiles of GM-CSF-expressing NK and B cells.
a, Total NK cells were selected, and the expression level of all relevant surface markers was correlated (Pearsonâ€™s r) with GM-CSF expression on a single-cell level. The heat map depicts Spearman correlation coefficients. b, Frequencies (left) and an example (right) of cytokine co-expression by GM-CSF+ NK cells in NINDCs (nâ€‰=â€‰31), patients with RRMS during remission (nâ€‰=â€‰19) or during relapse (nâ€‰=â€‰12), patients with SPMS (nâ€‰=â€‰5) or PPMS (nâ€‰=â€‰3), and HDs (nâ€‰=â€‰29). c, B cells were selected, and the expression level of all relevant surface markers was correlated (Pearsonâ€™s r) with GM-CSF expression on a single-cell level. d, Frequencies (left) and an example (right) of cytokine expression by GM-CSF+ B cells in patients, as in b. Box plots depict the IQR, with a white horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Every point represents one individual.

                          Source data
                        


Extended Data Fig. 7 Clinical correlations in the validation cohort.
a, Age distribution among patients with RRMS (nâ€‰=â€‰12), HCs (nâ€‰=â€‰15), NINDCs (nâ€‰=â€‰14), IDCs (nâ€‰=â€‰9) and patients with CIS (nâ€‰=â€‰8). b, Box plots depict the age in patients with RRMS (nâ€‰=â€‰12), HCs (nâ€‰=â€‰15), NINDCs (nâ€‰=â€‰14), IDCs (nâ€‰=â€‰9) and patients with CIS (nâ€‰=â€‰8). c, Correlation between frequencies of the CellCNN-defined immune signature and age in patients with RRMS (nâ€‰=â€‰12), HCs (nâ€‰=â€‰15), NINDCs (nâ€‰=â€‰14), IDCs (nâ€‰=â€‰9) and patients with CIS (nâ€‰=â€‰8). Regression curves with confidence intervals are depicted for each group. d, Correlation of the frequency of the signature population in TH cells and age among patients with RRMS (nâ€‰=â€‰12), HCs (nâ€‰=â€‰15), NINDCs (nâ€‰=â€‰14), IDCs (nâ€‰=â€‰9) and patients with CIS (nâ€‰=â€‰8). Each symbol identifies an individual patient among patients with CIS (nâ€‰=â€‰8), or with RRMS in remission (nâ€‰=â€‰8) or relapsing (nâ€‰=â€‰4). The regression lines with confidence intervals are based on the frequency of the signature population among the other control groups. e, Correlation between frequencies of the CellCNN-defined immune signature and clinical parameters in patients with RRMS in remission (nâ€‰=â€‰8) or relapsing (nâ€‰=â€‰3) and patients with CIS (nâ€‰=â€‰8). Regression curves with confidence intervals are depicted for each parameter. Box plots depict the IQR, with a white horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Pâ€‰values are based on two-tailed Mannâ€“Whitneyâ€“Wilcoxon tests between groups. The linear correlation equation was calculated on the pool of all analysed samples. Every point represents one individual.
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Extended Data Fig. 8 Immune profiling of validation cohort.
a, PBMCs from patients with RRMS (nâ€‰=â€‰12), HCs (nâ€‰=â€‰15), NINDCs (nâ€‰=â€‰14), IDCs (nâ€‰=â€‰9) and patients with CIS (nâ€‰=â€‰8) were restimulated with PMA/ionomycin and analyzed by mass cytometry. The t-SNE algorithm (20,000 cells randomly selected from all samples) was used to depict different populations therein. FlowSOM-based immune cell populations are overlaid as a color dimension. b, Mean population expression levels of all markers used for t-SNE visualization and FlowSOM clustering. c,d, Sample-specific (c) and frequencies of (d) immune cell lineages in peripheral leukocytes in patients with RRMS (nâ€‰=â€‰12), HCs (nâ€‰=â€‰15), NINDCs (nâ€‰=â€‰14), IDCs (nâ€‰=â€‰9) and patients with CIS (nâ€‰=â€‰8). e, Representative plot of cytokine staining in the unstimulated control (upper) and stimulated samples (lower). Cells randomly selected from the experimental run are shown. The positivity threshold was set on the residual staining, as described in the Methods. fâ€“i, Frequencies of cytokine production by TH (f), TC (g), NK (h) and B cells (i) among patients with RRMS (nâ€‰=â€‰12), HCs (nâ€‰=â€‰15), NINDCs (nâ€‰=â€‰14), IDCs (nâ€‰=â€‰9) and patients with CIS (nâ€‰=â€‰8). Box plots depict the IQR, with a white horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Every point represents one individual.
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Extended Data Fig. 9 SDF1Î± induces signature cellsâ€™ migration towards a chemokine gradient.
a, Representative plots of the gating strategy of immune cell populations (nâ€‰=â€‰7). b, Frequency of migrating cells when SDF1Î± was added to the lower, upper or both chambers (nâ€‰=â€‰7). c, Frequency of migrating cells in the lower chamber towards an SDF1Î± gradient, calculated as the frequency of population-specific input cells (nâ€‰=â€‰7). d,e, Representative plots (d) and quantification (e) of different cytokine-producing TH cells, calculated as the frequency of input cells (nâ€‰=â€‰7). Representative plots of two independent experiments. Pâ€‰values are based on two-tailed Mannâ€“Whitneyâ€“Wilcoxon tests between groups. Box plots depict the IQR, with a horizontal line representing the median. Column plots represent means. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Every point represents one individual.
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Extended Data Fig. 10 CNS immune features of patients with MS.
a, Quantification of cell viability in paired PBMCâ€“CSF samples (nâ€‰=â€‰9). b, Frequencies of immune cell lineages in CSF between fresh (nâ€‰=â€‰3) and cryopreserved CSF samples (nâ€‰=â€‰9). c, Scaffold reference map of the TH cell compartment, constructed from mass cytometry data. Gray bubbles represent the 100 FlowSOM nodes, and colored landmarks are based on FlowSOM-defined TH cell subsets. d, Expression of CellCNN signature-defining cytokines and chemokine receptors within mapped FlowSOM nodes. e, Immunohistochemistry of MS brain lesions depicting a demyelinated lesion (top left; myelin immunohistochemistry) with KiM1P-positive macrophages/activated microglial cells (top right; scale bar: 200â€‰Âµm), and CD3-positive perivenular T cell infiltration within the demyelinated lesion (bottom left) as well as in the meninges (bottom right; scale bar: 30â€‰Âµm). f, Immunofluorescence control for the staining of secondary antibodies (left) and MS brain lesion (right). The experiment was repeated from the brain biopsies of three individual patients with MS as for Fig. 6j. Scale bars: 30â€‰Î¼m. Pâ€‰values are based on two-tailed Mannâ€“Whitneyâ€“Wilcoxon tests between groups. râ€‰values were calculated from the z-statistic of the Mannâ€“-Whitneyâ€“-Wilcoxon test. Box plots depict the IQR, with a white horizontal line representing the median. Whiskers extend to the farthest data point within a maximum of 1.5Ã— the IQR. Every point represents one individual.
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