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Multiple sclerosis (MS) is characterized by the loss of myelin and of myelin-producing oligodendrocytes (OLs) in the central nervous system (CNS). Pro-inflammatory CD4+ Th17 cells are considered pathogenic in MS and are harmful to OLs. We investigated the mechanisms driving human CD4+ T cell-mediated OL cell death. Using fluorescent and brightfield in vitro live imaging, we found that compared to Th2-polarized cells, Th17-polarized cells show greater interactions with primary human OLs and human oligodendrocytic cell line MO3.13, displaying longer duration of contact, lower mean speed, and higher rate of vesicle-like structure formation at the sites of contact. Using single-cell RNA sequencing, we assessed the transcriptomic profile of primary human OLs and Th17-polarized cells in direct contact or separated by an insert. We showed that upon close interaction, OLs upregulate the expression of mRNA coding for chemokines and antioxidant/anti-apoptotic molecules, while Th17-polarized cells upregulate the expression of mRNA coding for chemokines and pro-inflammatory cytokines such as IL-17A, IFN-γ, and granzyme B. We found that secretion of CCL3, CXCL10, IFN-γ, TNFα, and granzyme B is induced upon direct contact in cocultures of human Th17-polarized cells with human OLs. In addition, we validated by flow cytometry and immunofluorescence that granzyme B levels are upregulated in Th17-polarized compared to Th2-polarized cells and are even higher in Th17-polarized cells upon direct contact with OLs or MO3.13 cells compared to Th17-polarized cells separated from OLs by an insert. Moreover, granzyme B is detected in OLs and MO3.13 cells following direct contact with Th17-polarized cells, suggesting the release of granzyme B from Th17-polarized cells into OLs/MO3.13 cells. To confirm granzyme B–mediated cytotoxicity toward OLs, we showed that recombinant human granzyme B can induce OLs and MO3.13 cell death. Furthermore, pretreatment of Th17-polarized cells with a reversible granzyme B blocker (Ac-IEPD-CHO) or a natural granzyme B blocker (serpina3N) improved survival of MO3.13 cells upon coculture with Th17 cells. In conclusion, we showed that human Th17-polarized cells form biologically significant contacts with human OLs and exert direct toxicity by releasing granzyme B.
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1 Introduction

Multiple sclerosis (MS) is a neuroinflammatory disease characterized by invasion of immune cells into the CNS, leading to demyelination and to oligodendrocytes (OLs) and neuroaxonal damage/death (1). OL alterations in MS have been investigated notably using single-cell RNA sequencing (2); nonetheless, the mechanisms underlying OL death in MS remain poorly understood. As mature OLs express major histocompatibility complex (MHC) I in inflammatory conditions, these cells can be recognized and targeted by CD8 T cells, which are present in MS plaques (3, 4). Indeed, activated CD8 T cells can mediate cytotoxicity toward OLs in vitro by different mechanisms including MHC I-restricted cytotoxicity (5–8). CD4+ T cells, and more specifically Th17 cells, are key drivers of CNS neuroinflammatory processes in MS (9–12) and its animal model experimental autoimmune encephalitis (EAE) (11, 13). Pro-inflammatory Th17 cells are increased in the peripheral blood and cerebrospinal fluid of active MS patients, notably during relapses (14, 15), and are found in active MS lesions (16). However, as OLs do not express MHC II, direct interactions between Th17 cells and OLs in MS and EAE have remained underexplored.

We have recently reported that Th17 cells can form prolonged contact with OLs in vivo in EAE (17). In addition, we established that Th17-polarized cells induce both OL process damage and OL cell death in mouse and human systems. While we identified the contribution of CD29-triggered glutamate secretion by Th17-polarized cells to OL process injury and myelination impairment, glutamate did not induce death of human OLs in primary culture (17). Human OLs are highly resistant to induction of programmed cell death upon exposure to stressors such as high doses of tumor necrosis factor alpha (TNFα) or glutamate, or deprivation of glucose (17–20). Using human OLs in primary culture and human oligodendrocytic cell line MO3.13 (17, 21), we therefore aimed to understand the mechanisms implicated in Th17-mediated cell death of human OLs. In the present work, comparing the real-time interaction of human Th2- and Th17-polarized cells with OLs, we found that Th17-polarized cells form longer contacts with human OLs than their Th2 counterparts. These interactions are associated with the presence of vesicle-like structures at the site of contact between OLs and Th17-polarized cells. Moreover, upon contact with OLs, Th17-polarized cells modified their mRNA expression of genes related to regulation of metabolic processes, to interferon-gamma (IFNγ) signaling, and to expression and secretion of pro-inflammatory cytokines and cytotoxic molecules, in particular granzyme B, a key cytotoxic molecule (22–24). We observed that human Th17-polarized cells expressed up to five times greater levels of granzyme B compared to Th2-polarized cells and that such levels were further upregulated upon direct contact with OLs. In addition, exposure to recombinant human granzyme B decreased the survival of OLs, while blocking Th17-polarized cell-derived granzyme B protected OLs from T cell-mediated cytotoxicity. Finally, CD4+ T cells expressing granzyme B were detected in MS lesions. Overall, our data support the notion that human OLs are susceptible to granzyme B secreted by Th17-polarized cells in close contact and that this mechanism could contribute to loss of OLs in MS lesions.



2 Material and Methods


2.1 OLs and MO3.13 Cell Culture

Human OLs in primary culture were isolated from fresh non-pathological brain tissue from surgical resection for non-tumoral intractable focal epilepsy as previously published (18) and in accordance with the guidelines set by the Biomedical Ethics Unit of McGill University (Protocol ANTJ 1988/3). Briefly, the tissue was cleaned from blood vessels, digested with a DNAse (Sigma, Cat#11284932001, St. Louis, MO, USA)/trypsin (Gibco, Cat# 15090-046, Grand Island, NY, USA) cocktail and smooshed to obtain a cell suspension. Myelin and red blood cells were removed using a 33% Percoll ultracentrifugation. Cells were plated and the day after floating cells (oligodendrocytes) were harvested and plated on poly-L-lysine (2 μg/ml, Sigma, Cat# P1399) and ECM (1:200, Sigma, Cat# E1270) coated wells. During the first 4 days, OLs were allowed to grow in enriched cell medium, composed of DMEM-F12 (Sigma, Cat# D8437), 2 mM glutamine (GlutaMAX, Thermo Fisher, Cat# 35050-061, Waltham, MA, USA), 100 U/ml penicillin/100 µg/ml streptomycin (Invitrogen, Carlsbad, CA, USA, Cat# 15140122), 2 ng/ml T3 (Sigma-Aldrich, Cat# T5516), 1/50 N1 supplement (Sigma, Cat# N6530), 1/50 B27 (Invitrogen, Cat# 12587010), 10 ng/ml bFGF (Sigma-Aldrich, Cat# F0291), and 10 ng/ml PDGF-AA (Sigma-Aldrich, Cat# P3076). After cell process extension, fresh medium without bFGF and PDGF-AA was used. OLs were used for experiments at D8-D10 in vitro. Information on tissue is provided in Table 1.


Table 1 | Human primary oligodendrocytes characterization and use.



The human oligodendrocytic cell line MO3.13 was cryopreserved in DMEM 40% FBS/20% DMSO. For culture, after gentle thawing at room temperature (RT) in DMEM, MO3.13 cells were plated in DMEM supplemented with 10% FBS, glutamine, and penicillin/streptomycin. When confluent, MO3.13 cells were harvested using warm diluted trypsin 1× (Life Technologies, Cat# 15090-046, Carlsbad, CA, USA) in PBS before plating.



2.2 T Cell Polarization

Written informed consent was obtained from every donor prior to sample collection (CRCHUM ethic committee approval numbers SL05.022, SL05.023, and BH07.001). Peripheral venous blood from healthy donors was obtained and used following ethical guidelines from the CRCHUM (Nagano 19.088). Peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation (Ficoll) as previously published (12). Memory CD4+ T cells were magnetically sorted (negative selection) according to the manufacturer’s instructions (Miltenyi, Cat# 130-091-893, Bergisch Gladbach, Germany). Memory CD4+ T cells were cultured in 6-well plates coated with αCD3 clone OKT3 (2.5 μg/ml, eBioscience, Cat# 16-0037-85, San Diego, CA, USA) in X-VIVO medium (Lonza, Cat# 04-418Q, Walkersville, MD, USA) with αCD28 clone NA/L3 (2 μg/ml, BD Bioscience, Cat# 555725, Franklin Lakes, NJ, USA) and αIFNγ (5 μg/ml, Bio X Cell, Cat# BE0235, Lebanon, NH, USA). For Th2 polarization, human recombinant IL-4 (200 ng/ml, R&D Systems, Cat# 204-IL-020) and αIL-12 (5 μg/ml, Bio X Cell, Cat# BE024) were added, whereas for Th17 polarization cells were cultured with human recombinant IL-23 (25 ng/ml, R&D Systems, Cat# 1290-IL-010, Minneapolis, MN, USA) and with αIL-4 (5 μg/ml, Bio X Cell, Cat# BE0240) as previously published (12). On day 2 of culture, IL-2 (20 U/ml, R&D Systems Cat# 202-IL-050) was added to Th2-polarized cell medium and on days 2 and 3 of culture, IL-23 (25 ng/ml) was added to Th17-polarized cell medium. Polarized T cells were used at after 6 days in culture (D6) for experiments. Representative flow cytometry plots showing the expression of IL-17 and IFNγ are provided in Supplementary Figure 1.



2.3 Live Imaging


2.3.1 Cell Staining

The oligodendrocytic cells MO3.13 were stained using CellTracker Orange CMRA (Thermo Fisher, Cat# C34551) 4 days prior to coculture. Briefly, cells were harvested and resuspended at 106 cells/ml in DMEM without red phenol (Wisent Bio Products, Cat# 319-050-CL, St-Bruno, Quebec, Canada) and stained with 30 mM CellTracker Orange CMRA for 15 min at 37°C. Staining was quenched by adding FBS for 1 min. After one wash, cells were resuspended in live imaging media (DMEM without red phenol, HEPES 20 mM, 5% FBS, 1% P/S) and plated at 200,000 cells/dish in IbiTreat µ-dishes (35 mm, ibidi, Cat# 81156, Gräfelfing, Germany). Mature primary OLs (D8-10) plated in IbiTreat Quad µ-dishes (35 mm, ibidi, Cat# 80416) were stained on the day of experiment using a live cell-permeable fluorescent probe binding to microtubules (ViaFluor 647 live cell microtubule stain, Biotium, Cat# 70063, Fremont, CA, USA). OLs were incubated with the dye diluted to 2.5× in warm live imaging media for 30 min at 37°C. OLs in primary culture cannot be washed extensively; therefore, the remaining dye was able to stain T cells during the coculture, as T cells also contain polymerized microtubules.

To distinguish polarized T cells from human oligodendrocytic MO3.13 cells and primary OLs, Th17-polarized and Th2-polarized cells (D6) were stained on the day of the acquisition using CellTracker Green CMFDA (Thermo Fisher, Cat# C2925) at 5 mM following the same protocol described above for the CellTracker Orange CMRA. Protocols are summarized in Supplementary Figure 2.



2.3.2 Live Imaging Acquisition

Imaging of coculture of T cells (Th2/Th17-polarized cells) with CNS-derived cells (MO3.13 or primary OLs) was performed as previously published by Lemaître et al. (25). Polarized T cells were added at a 1:1 ratio to MO3.13 or primary OLs and immediately subjected to live imaging within the first 10 min of coculture. Cocultures in 35-mm µdishes were placed in a 37°C, 5% CO2 top chamber (Tokai Hit, Fujinomiya, Japan). The Fluor 40x/1.3 Oil M27 objective (free WD 0.16 mm; Zeiss, Toronto, Canada) (for fluorescent acquisition) or the alphaPlan Apo 100X/1.46 Oil DICIII objective (free WD 0.11 mm; Zeiss) (for bright field acquisition) was warmed at 37°C using a lens heater before imaging. We used a Zeiss Axio Observer Z1 Yokogawa CSU-X1 spinning disk confocal microscope equipped with a motorized stage, Piezo objectives, and an Evolve EMCDD (512 × 512, 16-bit) monochrome camera (Teledyne Photometrics, Tucson, AZ, USA). During imaging, the Definite Focus module (Zeiss) was used to minimize Z drift. For fluorescent acquisitions, cells were illuminated with 488- and 561-nm (MO3.13—T-cell coculture) or 488- and 635-nm (OLs—T-cell coculture) solid-state lasers. For fluorescent–bright-field acquisition, cells were illuminated with a 488-nm laser. Potential cell phototoxicity was reduced by setting laser power at a maximum of 10% and filtering the total power through a beam-splitter dichroic mirror (20% of the light source emission at the objective). Depending on experiment, acquisitions were programmed on a 10-μm stack as the following: for fluorescent and bright-field acquisitions on OLs, four areas (two on Th2 and two on Th17-polarized coculture wells) were acquired within a 1.5-min interval during 2 (fluorescence) or 1 (bright field) hour. Concerning MO3.13-, Th2-, and Th17-polarized cocultures, 2h-long fluorescence videos were acquired with two different positions for each T-cell subtype acquired and analyzed. For Th17-polarized MO3.13 cells cocultured in bright field, or Th2/Th17-polarized MO3.13 cocultured in fluorescence/bright field acquisitions, four positions were acquired during 15 min with a 0.5-s interval.



2.3.3 Post-Acquisition Processing for Live Imaging With Fluorescence

To improve resolution and contrast, AutoQuant X3 software (Media Cybernetics, Rockville, MD, USA) was used to perform 3D blind deconvolution respecting specificities of dyes, lasers, and physical properties of the microscope. Settings of the deconvolution were 5 iterations and medium noise.



2.3.4 Live Imaging Analysis

Imaris software (v9.6 Bitplane, Oxford Instruments Group, RRID:SCR_007370, http://www.bitplane.com/imaris/imaris, Concord, MA, USA) was used to analyze live-imaging experiments. To track T-cell movements from fluorescent acquisitions, the Imaris spot object algorithm was performed, using the source channel 488 nm to create spots specifically on T cells. All cell tracks were manually checked and corrected if needed. Depending on experiments and the video’s quality, around 10–30 tracks were extracted for each video. For characterization of T-cell behavior, the videos were separated into 30-min periods. Tracks lasting ≥20 min were selected for analysis. Track, shape, and general movement were used to classify the dominant behavior of each T cell for the 30-min period (static, crawling, scanning, no contact). Z-slices and 3D rotations were used to analyze contact duration with OLs or MO3.13 cells (no contact, less than 5 min, between 5 and 10 min, more than 10 min) as previously done (17). During a 30-min period, the behavior or type of contact that lasted for the longest time over the 30-min period was attributed if a given cell displayed more than one type of behavior or contact. Analysis pipeline and examples of cell behaviors are presented in Supplementary Figure 2. Static contacts corresponded to cells staying in contact with the same site of the OL, without shape deformation (round shape with flattened membrane at the adhesion surface), evoking the morphology observed during immunological synapse formation (25) and CD4+ T-cell calcium influx (26, 27). Crawling cells were defined as T cells moving on OLs (usually in a straight line) with slight shape deformation, whereas scanning cells displayed highly deformed shape (elongated) and were highly mobile on OLs. These last two contact behaviors suggested low calcium influx in CD4+ T cells (26, 27) and a low-affinity contact between polarized T cells and OLs and thus could be reminiscent of kinapses (25, 28, 29).

Bright-field acquisitions of T cell-MO3.13/OL cocultures were used to quantify the number of vesicle-like structures in areas of MO3.13 or OLs in direct contact with T cells versus areas without direct contact with T cells. MO3.13 or OLs in contact with T cells visualized for at least 50 min were included. Areas of interest were delimited manually using the surface module (Imaris). Areas with or without contact were created on the same OL/MO3.13 cell and next to each other. Vesicle-like structures were defined as bright spots of size 200 to 600 nm within the MO3.13 cell/OL and manually counted in Imaris using the spot module.




2.4 Flow Cytometry

At D6, polarized T cells were harvested, washed, and added to OLs (ratio 1:2.5, OL: T cells) or MO3.13 cells (100,000 cells per well, ratio 1:10, MO3.13 cell: T cells) in fresh media in 24-well plates. To prevent direct contact of T cells with OLs or MO3.13 cells, T cells were added to 0.4-μm pore-sized Boyden chambers (“insert” condition). After coculture, cells were detached using PBS EDTA (10 min 37°C) and transferred into 96-well plates for flow cytometry (FACS) staining. To assess the expression of cytokines, cells were stimulated with phorbol 12‐myristate 13‐acetate (PMA) and ionomycin in the presence of brefeldin A for 4 h at 37°C as previously published (12, 30). For FACS staining, cells were incubated with LIVE/DEAD fixable Aqua Dead Cell stain (Invitrogen, Cat# L34957) for 30 min at 4°C. After washing and non-specific site blocking with mouse IgG (60 μg/ml, Thermo Fisher, Cat# 10400C), cells were incubated with O4-APC (Miltenyi, Cat# 130-119-897), CD4-PerCP-Cy5.5 (BD Biosciences, Cat# 560650), and HLA-DR-AlexaFluor700 (BD Biosciences, Cat# 561016) for 20 min at 4°C. For intracellular staining, permeabilization was performed using the Fixation/Permeabilization solution kit (BD Biosciences, Cat# 55714) following the manufacturer’s instruction before incubation with the granzyme B-AlexaFluor700 antibody (BD Biosciences, Cat# 561016). Appropriate isotype controls were used to assess non-specific fluorescence signal. Samples were acquired on an LSR II analysis FACS machine (BS Biosciences) and analyzed using FlowJo Software (FlowJo, RRID:SCR_008520, https://www.flowjo.com/solutions/flowjo).



2.5 Immunofluorescence (IF)


2.5.1 Cocultures and Cytospins

After fixation with PFA 4%, permeabilization with Triton 1%, and blocking with donkey serum, cells were incubated overnight at 4°C with the following primary antibodies in 3% donkey serum: rabbit anti-human NogoA (1/100, EMD Millipore, Cat# AB5664P) and/or mouse anti-human granzyme B (1/20, R&D, Cat# MAB2906). After washing, cells were stained with the appropriate secondary antibodies: donkey anti-rabbit Rhodamine Red™-X (RRX, 1/400, Jackson ImmunoResearch, Cat# 711-295-152, West Grove, PA, USA) and donkey anti-mouse AlexaFluor488 (1/400, Invitrogen, Cat# 21202). For cytopsins, a staining step with mouse anti-human CD4-AlexaFluor 647 (Abcam, Cat# ab196147, Cambridge, MA, USA) was added. Finally, nuclei were stained with DAPI (1/1,000, Sigma-Aldrich, Cat# D9542) and cells were mounted on slides with Prolong Gold Antifade (Thermo Fisher, Cat# P36930). As T cells were loaded with CellTracker Green and MO3.13 with CellTracker Orange CMRA, no additional staining was required for visualization. Images were acquired on a Leica SP5 MP confocal machine.



2.5.2 Frozen Sections

Human brain sections from two different MS patients (female RRMS 49 y.o. and female 33 y.o. RRMS) were stained following established protocols (12, 30, 31). After fixation with acetone and ethanol 70% at -20°C and blocking with 10% mixed donkey/goat serum, sections were incubated for 1 h at 20°C with primary antibodies diluted in 3% donkey serum: mouse anti-human granzyme-B (1/20, R&D Systems, Cat#MAB2906) and rabbit anti-human NogoA (1/100, EndMillipore, Cat# AB5664P). Adequate secondary antibodies for these antibodies were used: donkey rabbit RRX (1:500, Jackson ImmunoResearch, Cat#711-295-152) and goat anti-mouse AlexaFluor635 (1:250, Invitrogen, Cat#A31574). Then, sections were blocked again in 10% rabbit serum and stained using mouse anti-human CD4-FITC antibody (1:50, BD Biosciences, Cat#555346), followed by a secondary antibody rabbit anti-FITC (1:50, Invitrogen, Cat#A11090). Finally, nuclei were stained using DAPI. Sections were mounted on slides with Prolong Gold Antifade.



2.5.3 Confocal Microscopy

Confocal images were acquired with a Leica TCS-SP5 inverted microscope using a HCX PL APO CS 63x/1.4 Oil UV objective with the LAS AF software. Excitation was performed using a 405-nm diode laser for DAPI, a 488-nm line of an Argon laser for AF488/CellTracker Green, a 561-nm DPSS laser for CellTracker CMRA Orange, and a 633-nm HeNe laser for AF647. The detection bandwidth was 415–492 nm for DAPI using a PMT, 500–558 nm for CellTracker Green/AF488 using an HyD under the Standard mode, 571–608 nm for CellTracker CMRA/RRX using a HyD under the Standard mode, and 643–713 nm for AF647 using a PMT. A sequential acquisition consisting of CellTracker Green/AF488 and AF647 in sequence 1, CellTracker Orange CMRA/RRX in sequence 2, and DAPI in sequence 3 was performed to avoid cross-excitations and cross-emissions between the different dyes. Images were acquired at a 400-Hz scan speed and final images are 8 bits, 512 × 512 (axial pixel size of 481 nm). Z-stacks were performed with a 1- to 2.3-µm step size for volume rendering. For some images, a zoom 3 to 4 was applied (axial pixel size of 160 to 120 nm).



2.5.4 Image Analysis

For granzyme B fluorescence quantification, a first step for brightness/contrast adjustment and Z-stack projection was performed with a macro on ImageJ (FIJI, RRID: SCR_002285, http://fiji.sc) (32). To quantify CD4+granzyme B+ cells and median fluorescence intensity in positive cells, the software CellProfiler was used (CellProfiler Image Analysis Software, RRID: SCR_007358, http://cellprofiler.org) (33). To compare the intensity of the granzyme B signal in areas of Th17-polarized cells in direct contact with OLs versus areas without direct contact with OLs, areas of interest were delimited manually using ImageJ. Areas with or without contact were created on the same Th17-polarized cell and next to each other.




2.6 Single-Cell RNA-Sequencing


2.6.1 Experiment

One preparation of human OLs in primary culture was plated at 400,000 cells per well in a 24-well plate to obtain sufficient numbers for sequencing and matured for 10 days in vitro. Th17-polarized cells were added to OLs (ratio 2:1) directly (contact condition) or separated by a Boyden chamber (insert condition, “no contact”) with a porous membrane of 0.4-μm size (VWR, Cat# 35495). After 12 h of coculture, cells were detached using trypsin, harvested in 0.04% BSA, and passed through a cell strainer (Falcon, Cat# 352340) to obtain single-cell suspension. Finally, single-cell RNA sequencing libraries were created using 10X Chromium v2.0 for single-cell RNA sequencing acquisition with the Illumina NovaSeq600 SP PE150 at the McGill University and Génome Québec, using the droplet sequencing approach (10X Chromium).



2.6.2 Analysis

The cellranger (v3; https://github.com/10XGenomics/cellranger) was used for demultiplexing and gene expression quantification. Reads were aligned to the GRCh38 release of the reference human genome. Downstream processing and analysis were performed in R with the Seurat package (34) (v3; https://satijalab.org/seurat/). Normalization of gene expression was done with the SCTransform workflow. To assign biological relevance to T-cell subpopulations, Gene Set Enrichment Analysis (GSEA) was done using a Fisher test onto the Gene Ontology Biological Processes 2021 annotation. The sets of markers for each population were obtained through the FindAllMarkers function from Seurat, using the MAST method. Differentially expressed genes (DEGs) between the two studied conditions (contact versus insert) were found with the FindMarkers function using the DESeq2 method across each subpopulation of T-cells. For further functional annotation of transcriptional differences, sets of DEGs were formed with the following statistical statements: adjusted p-value < 0.01 and absolute log2Fold change > 0.3. The common core of 71 genes was found by identifying the overlapping DEGs across the relevant T-cell clusters (the cell-cycle-associated population was excluded). The network of significant pathways (p-value <0.01) was obtained with Cytoscape (https://cytoscape.org/) and the ClueGO tool (https://apps.cytoscape.org/apps/cluego).




2.7 Granzyme B Functional Assays


2.7.1 Granzyme B Toxicity Assay

Human recombinant granzyme B (R&D Systems Cat# 2906-SE-010) was resuspended in activation buffer (50 mM MES, 50 mM NaCl, pH = 5.5) with 10 μg/ml cathepsin D (R& D Systems, Cat# 2336-CY-010) for 4 h at 37°C. After activation, granzyme B was diluted at indicated concentrations in assay buffer (50 mM Trizma base, pH = 7.5) and added to MO3.13 cells (25,000 cells/well in 48-well plates) or OLs (200,000 cells/wells in 24-well plates) in fresh medium.



2.7.2 Granzyme B Blocker Functional Assay

Th17-polarized cells were added to OLs (ratio 1:2.5, OL: T cells) or MO3.13 cells (100,000 cells per well, ratio 1:10, MO3.13 cell: T cells) in fresh media in 24-well plates. For granzyme B blockade in T cell–MO3.13 cell coculture, Th17-polarized cells were pre-incubated at 37°C for 1 h with a reversible granzyme B blocker Ac-IEPD-CHO (BioVision, Cat# 1119, Milpitas, CA, USA) or the serin protease inhibitor serpin A3N (R&D Systems, Cat# 4709-PI-010) at indicated concentrations in X-VIVO medium. Th17-polarized cells were washed before addition to MO3.13 cells (pretreatment condition). OLs/MO3.13 cells death was assessed by FACS staining after 16 h.




2.8 Luminex Assay

Immunoassays on supernatants from OLs and MO3.13 cells in coculture or not with polarized T cells were performed using a Luminex Discovery Assay kit (R&D Systems, Cat# LXSAHM). Briefly, samples were incubated with microparticle cocktail during 2 h at RT. After extensive washing, samples were incubated with biotin-antibody cocktail for 1 h at RT and washed. Biotinylated antibodies were revealed by incubation with streptavidin-PE during 30 min at RT. Results were read on a Luminex 200 (Bio-Rad, Hercules, CA, USA) analyzer.



2.9 Statistical Analysis

Graphs and statistics were generated using GraphPad Prism (GraphPad Prism, RRID:SCR_002798, http://www.graphpad.com/) software and R software (35) with ggplot2 (36) and dplyr (37) packages. For the statistical test, all data were tested with the Shapiro test to assess their distribution. Appropriate parametric or non-parametric tests were then applied and are specified in the figure legends. For graphical presentation, data were either presented as bar plot stating the mean +/- SEM, boxplots allowing visualization of data distribution (minimum, first quartile, median, third quartile, and maximum) with mean represented by a diamond, or violin plot representing distribution with an integrated boxplot for data distribution and black dot for mean, as specified in figure legends.




3 Results


3.1 Contact With Human OLs Modifies Behavior and Adhesion of Th17-Polarized Cells

To visualize and compare the interactions of human OLs with either pro-inflammatory Th17 or anti-inflammatory Th2 human cell subsets, we developed a live-imaging assay (Supplementary Figures 2A, B). Human OLs and CD4+ T cells were stained with distinct non-toxic fluorescent dyes and could be easily distinguished during time-lapse acquisition (Figure 1A); behavior of individual CD4+ T cells was captured during 2 h. We confirmed that plate coating did not affect T-cell behavior and that the contact behavior of human Th17- and Th2-polarized cells was similar in the absence of target cells (Supplementary Figures 3A, B). Comparing the behavior of human Th17-polarized vs. Th2-polarized cells in coculture with primary human OLs, we report a higher percentage of Th17-polarized cells displaying a stable (>10 min) interaction with OL cells along with a significantly lower velocity of total Th17-polarized cells and of Th17-polarized cells engaging in interaction of ≥10 min with OLs (Figures 1A–C). This suggests a stronger modification of Th17-polarized cell behavior than of their Th2 counterpart upon contact with human OLs. The type of behavior displayed by T cells in stable contact with OLs was further characterized as either static, crawling, or scanning (see Methods, Supplementary Figure 2C). The proportion of Th17-polarized and Th2-polarized cells exhibiting each type of behavior was similar, but again the velocity of Th17-polarized cells showing prolonged stable contact was lower than that of Th2-polarized cells for the static (most common) behavior on OLs (Figures 1B, C). To confirm that human Th17-polarized cells show greater biologically relevant interactions with OLs, we assessed the adhesion of polarized T cells following imaging, after 4 h of coculture (Figure 1D). In line with our live imaging data, we observed that significantly higher numbers of Th17-polarized cells adhering to OLs remained compared to Th2-polarized cells (Figure 1E), in parallel with an increased number of Th2 cells found not interacting with OLs (Figure 1F). We obtained similar results using human oligodendrocytic cell line MO3.13 as target cells (Supplementary Figures 4A–D), therefore showing that MO3.13 cells are a valid alternative to the limited resource of primary human OLs. These data show that human Th17-polarized cells show a high propensity to interact with and adhere to human OLs.




Figure 1 | Active interactions of Th17-polarized cells with human primary OLs. (A) Representative images (left) and tracks (right, gray lines) of human Th2- or Th17-polarized cells (green) in coculture during 2 h with human OLs in primary culture (magenta), scale bar = 80 μm. (B) Proportion of T cells according to duration of contact with OLs (upper panel: no contact, < 5 min, 5–10 min or > 10 min) and contact behavior among T cells displaying a >10-min contact (lower panel: scanning, crawling, static). (C) Mean speed of polarized T cells in coculture with primary human OLs according to contact duration (left panel) and contact behavior (right panel) among T cells displaying >10-min contacts. Wilcoxon rank-sum test. (A–C) n = 4 different OL preps and 4 T cell donors, n = 526 cells (Th17-polarized) and 485 cells (Th2-polarized), 30-min observation periods. One dot represents one cell, diamond = mean. (D) Representative images and (E) quantification of adherent human Th2- or Th17-polarized cells (green) after 4 h in coculture with human OLs (magenta) in primary culture (scale bar = 40 μm). Wilcoxon test, n = 4 different OL preps and 4 T cell donors, diamond = mean. (F) Number of non-adherent T cells as measured by flow cytometry using AccuCount beads. Paired t-test, p = 0.22. n = 2 OL preps, n = 3 T cell donors. (G) Representative images and (H) quantification of vesicle-like structures per timepoint (TP) in areas of primary human OLs in contact (magenta) or not (blue) with human Th2- or Th17-polarized cells (vesicle number/TP/µm2). T cells are highlighted in green, areas of interest are delimited by dashed line, and vesicle-like structures are pointed by spots (contact in magenta, no contact in blue), n = 3 OL preps and 3 T cell donors, paired t-test. (I) Quantification of human primary OL death after 16 h of direct coculture with polarized T cells (contact) or separated by a permeable membrane (insert) at a 1:2.5 ratio. Control condition = no T cells. Each dot represents one donor, n = 6 different OL preps and 6 T cell donors, one way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





3.2 Contact of Human Th17-Polarized Cells With Human OLs Causes Biological Alterations and OL Death

To further investigate the biological impact of Th17- vs. Th2-polarized cell interaction with OLs in real time, we performed brightfield live imaging on cocultures for 1 h. We analyzed the number of vesicle-like structures [200–600 nm, corresponding to the size of lytic granules (38)] detected in areas of a given OL in stable contact for at least 50 min with T cells (around a third of stable contacts) and compared to areas of the same OL not in contact with T cells (Figure 1G). Whereas the number of vesicle-like structures detected did not vary between OL areas in contact or not with Th2-polarized cells, the OL areas in contact with Th17-polarized cells showed a strikingly higher number of vesicle-like structures in OL processes and cell bodies than areas without (Figure 1H). In line with this, in MO3.13 cells, we observed transfer of dye from T cells to MO3.13 and similarly found a higher number of vesicle-like structures in areas of contact with Th17-polarized cells (Supplementary Figures 4E–G). In addition, to simultaneously compare both T cell subtypes, we added both Th17- and Th2-polarized cells (only one subset was loaded with CellTracker Green) to the same well of MO3.13 cells and performed bright-field/fluorescence live imaging (Supplementary Figure 4H). We found that the number of vesicle-like structures was significantly higher in the areas of a given MO3.13 cell in contact with Th17-polarized cells compared to areas in contact with Th2-polarized cells (Supplementary Figure 4I). To determine whether a direct prolonged OL-T cell contact was necessary for the observed cytotoxicity, we assessed OL survival after a 16h coculture when a permeable insert separated T cells and OLs. Th2-polarized cells in contact or separated by an insert induced less cell death of human OLs than Th17-polarized cells in contact with OLs (Figure 1I). Importantly, after only 16h, Th17-polarized cells when in direct contact compared to when separated by a porous membrane induced a significantly higher death rate of human primary OLs (contact 8.9 ± 2.7% vs. insert 6.8 ± 2.7%, paired t-test p = 0.0431) and of MO3.13 cells (Supplementary Figure 4J). Collectively, our results highlight that the interaction of human OLs with Th17-polarized cells results in biological alterations and triggers contact-dependent cell death of OLs.



3.3 Contact With Human OLs Leads to Significant Alterations in the Transcriptional Profile of Th17-Polarized Cells

To identify potential contact-dependent death-inducing molecules expressed by Th17 cells, we performed single-cell RNA sequencing of human Th17-polarized cells either in direct contact with primary human OLs or separated by a permeable insert from OLs. After removal of the small number of myeloid (residual microglia) and dying cells, we distinguished OLs with high levels of CNP, PLP, and MOG transcript, and T cells with high mRNA levels of CD3 (Figure 2A). Interestingly, in OLs we found that direct contact with Th17-polarized cells was associated with an upregulation of genes for chemokines CXCL10, CXCL11, and CXCL9 (Supplementary Figure 5). In addition, upon direct contact with Th17-polarized cells, OLs upregulated genes for antioxidant/anti-apoptotic molecule superoxide dismutase 2 (39) and anti-inflammatory molecule TNFAIP6 (40), but downregulated Nkx6-2, which is implicated in myelin formation (41). As expected in light of the observed toxicity of Th17-polarized cells in direct contact with OLs (Figure 1I and Supplementary Figure 4J), the direct contact with Th17-polarized cells was globally associated in OLs with an enrichment of genes associated with pathways linked to inflammation and regulation of cell death/apoptosis but a diminution of genes associated with pathways linked to neuroglial genesis and differentiation, including regulation of lipid metabolic and biosynthetic processes, cell projection, ensheathment of neurons, and oligodendrocyte differentiation (Supplementary Figure 5 and Supplementary Table 2).




Figure 2 | Single-cell RNA sequencing reveals a transcriptional shift of Th17-polarized cells in contact with OLs. (A) Upper panel: UMAP of 9,236 cells. Doublets, cells with high mitochondrial content and residual myeloid cells were removed. Lower panel: Expression of T cells and mature oligodendrocyte (OL) canonical markers. (B) Left: UMAP of the re-clustered T-cell populations (6,954 cells). Right: Proportions of each unbiased cluster across the two conditions. Middle: Top five markers across the five obtained clusters, as found with MAST. (C) Top four most significant biological processes (GO) associated with the significant markers of each cluster. (D) Left: Distribution of the log2Fold changes between conditions across the five T-cell clusters. Right: Total number of differentially expressed genes (DEGs) within each cluster, split by upregulated (purple) and downregulated (green) genes. (E) Venn diagram showing the overlap of DEGs between biologically relevant clusters (cell cycle-associated cluster removed) and network of biological processes (GO) significantly associated with the common core (71 genes). (F) Boxplot representation of the largest (adjusted p value < 0.0001 and log2FC > 1.5 in total Th17-polarized cells contact vs. no contact) upregulated genes upon direct cell contact with OLs across all T-cell clusters (all adjusted p value for contact versus no contact in every cluster < 0.05).



Within T cells, we identified 5 subsets for which the top five genes expressed are shown in Figure 2B. Cluster 0 is enriched in genes related to pro-inflammatory cytokines (LTA, IFNG, IL17A, and IL17F); cluster 1 is associated with cell metabolism (CD52, TXNIP) and cytoskeleton (S100A4, S100A6, and CD52) genes, suggesting a relative resting state of these cells; cluster 2 was characterized notably by expression of pro-lytic genes (NKG7, GZMH, PRF1, and GNLY); cluster 3 was enriched in genes involved in cytokine response signaling (ISG20, STAT1, LTB, IL7R) and T-cell survival (CD27); and cluster 4 was characterized by genes related to the cell cycle (HMGB2, CENPF, ASPM, TOP2A, HIST1H4). As cluster 4 represents a minor population mainly defined by cell-cycle genes, and its proportion among “contact” or “no contact” conditions is similar, we focused the subsequent analysis on clusters 0 to 3. We found that clusters of pro-inflammatory and pro-lytic T cells (clusters 0 and 2) represent a higher proportion of Th17-polarized cells after direct contact with OLs, whereas the proportion of resting T cells (cluster 1) and cytokine-responsive T cells (cluster 3) are higher when CD4+ T cells are separated by a porous membrane from OLs (Figure 2B). GO enrichment analysis of each cluster revealed that pro-inflammatory T cells (cluster 0) are enriched in TNF cytokine signaling among others, and pro-lytic T cells (cluster 2) in pathways implicated in DNA replication and metabolic processes, suggesting effector function and proliferation of these cells. On the other hand, we found that resting T cells (cluster 1) are characterized by pathways related to regulation of T-cell activation and neutrophil mechanisms, suggesting an anti-inflammatory potential. Finally, the pathways identified for cytokine-responsive T cells (cluster 3) involved mainly protein targeting and production (Figure 2C). This subanalysis highlighted that direct contact with OLs is associated with enrichment of cell subsets characterized by expression of genes related to inflammation and reduced proportion of subsets characterized by expression of genes associated with regulatory activity.

To find potential candidates responsible for OLs death by direct contact, we compared up- and downregulated genes in each cluster. We found that direct contact with OLs triggers an upregulation of expression of several genes in Th17-polarized cells for every cluster (Figure 2D). Moreover, when we looked at the common DEGs between T-cell clusters of interest (0, 1, 2 and 3, “common core”), we found 71 genes that are mostly involved in IFNγ signaling, regulation of cell differentiation, and energetic metabolic processes (Figure 2E and Supplementary Table 1). These genes coding for IL2 receptor α (IL2RA), IFNγ (IFNG), granzyme B (GZMB), and metallothionein 2A (MT2A) showed a more than 1.5 log2 fold change between total Th17-polarized cells in contact versus no contact conditions (Supplementary Table 3) and were all significantly elevated in Th17-polarized cells in direct contact with OLs in every cluster (Figure 2F). Altogether, these data revealed that RNA expression of pro-inflammatory cytokines and importantly of pro-apoptotic serin protease granzyme B (9) is induced in human Th17-polarized cells upon direct contact with primary human OLs.



3.4 Th17-Polarized Cells Express High Levels of Granzyme B After Contact With OLs

Among genes upregulated by Th17-polarized cells in contact with OLs identified by single-cell RNA sequencing, we validated by immunoassay pro-inflammatory cytokines IL-17A, IFNγ, and TNFα, cytotoxic molecule granzyme B, and chemokines CCL3 and CXCL10, the latter being also upregulated by OLs upon contact with Th17-polarized cells. We moreover measured chemokine CXCL11, whose gene is significantly upregulated only by OLs after contact. In line with our single-cell RNA sequencing data, we found higher levels of pro-inflammatory and cytotoxic molecules in the supernatant after direct contact of Th17-polarized cells with primary human OLs (Figure 3A), with a similar trend observed with MO3.13 cells (Supplementary Figure 6). Of note, OLs did not secrete a significant amount of any of these molecules in the absence of T cells. Importantly, supernatants from coculture of primary OLs/Th17-polarized cells in direct contact compared to those separated by a porous membrane were associated with significantly higher levels of granzyme B (median value of 1,690.0 pg/ml for contact versus 653.8 pg/ml for insert, Wilcoxon p = 0.0313), IFNγ (mean of 135.8 pg/ml versus 31.2 pg/ml, paired t test p = 0.0334), TNF (mean of 75.8 pg/ml versus 12.7 pg/ml, paired t test p = 0.0232), IL-17A (mean of 270.9 pg/ml versus 156.3 pg/ml, paired t test p = 0.0126), CCL3 (median of 620.2 pg/ml versus 239.6 pg/ml, Wilcoxon p = 0.0313), CXCL10 (mean of 228.1 pg/ml versus 70.9 pg/ml, paired t test p = 0.0044), and CXCL11 (mean of 12.6 pg/ml versus 5.2 pg/ml, paired t test p = 0.0179). We have previously shown that a 48h exposure to TNFα and IFNγ or IL-17 (data not shown) does not induce cell death of mature human OLs in primary culture (17, 18). Granzyme B has however been implicated in Th17-mediated neuronal cell death (9). As Th2-polarized cells did not induce significant OL cell death after 16h of coculture (Figure 1I) and secreted significantly lower levels of granzyme B than Th17-polarized cells (Figures 3B–F), we first confirmed that Th17-polarized cells are indeed the source of granzyme B in the supernatant of cocultures. Using an automated CellProfiler pipeline to quantify granzyme B-positive cells and its median intensity, we confirmed by immunofluorescence that Th17-polarized cells show the highest proportion of granzyme B positive CD4+ cells and that granzyme B+ Th17-polarized cells display the highest granzyme B median intensity signal (Figures 3B–D). Of note, Th2-polarized cells were enriched in granzyme B compared to non-activated ex vivo CD4+ memory cells (Figures 3C, D), but their expression remained much lower than that of Th17-polarized cell levels. These results were moreover confirmed by flow cytometry after PMA-ionomycin stimulation (Figures 3E, F). Furthermore, among Th17-polarized cells, the proportion of granzyme B-positive cells was higher among IL-17+ and IFNγ+ cells compared to their negative counterpart (Figure 3G).




Figure 3 | Secretion of pro-inflammatory cytokines, chemokines, and granzyme B upon direct contact between Th17-polarized cells and human OLs. (A) Concentration of analytes measured by a Luminex assay in supernatants from human polarized Th cells in direct contact or not with oligodendrocytes (OLs). Each dot represents one donor and OL prep, n = 6 different OL preps, and 6 T cell donors. Friedman test with Dunn’s method or one way ANOVA with Tukey’s post hoc test according to distribution for each analyte. (B) Representative confocal images (immunofluorescence, scale bar = 5 µm) of granzyme B expression (GzB, green) by CD4+ memory T cells ex vivo or after Th2 polarization versus Th17 polarization (magenta) and (C) quantification of the percentage of CD4+GrzB+-positive cells per field of view (FOV) and (D) the median fluorescence intensity (MFI) per cell in CD4+GzB+ cells. Wilcoxon rank test, n = 5 donors, diamond = mean. (E) Representative flow cytometry pseudocolor dot plots of GzB staining in polarized T cells and (F) quantification of percentage of CD4+ cells expressing GzB and median fluorescence intensity (MFI) in CD4+ T cells after 4 h PMA-ionomycin stimulation, paired t-test, n = 8 donors. (G) Percentage of Th17-polarized cells expressing granzyme B gating on IL-17+, IFNγ+, or double-positive cells compared to their negative counterpart, paired t-test, n = 6 donors. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Next, we validated that Th17-polarized cells upregulated their granzyme B levels after direct contact with OLs (no PMA-ionomycin stimulation) (Figures 4A–C). To determine if granzyme B can be found in human OLs after contact with Th17-polarized cells, we used immunofluorescence on fixed cocultures of Th17- and Th2-polarized cells and human OLs to localize granzyme B. We observed that granzyme B in Th17-polarized cells is indeed oriented toward areas of contact with OLs (Figure 4D). In addition, we found a higher number of granzyme B-positive T cells adhering to OLs following coculture with Th17-polarized compared to Th2-polarized cells (Figure 4E). Using flow cytometry, we similarly found that after coculture with T cells we could detect the presence of granzyme B in OLs, revealing that Th17-polarized cells induced higher levels of granzyme B in OLs (Figures 4F, G), and more so when in direct contact compared to when separated by a porous membrane (contact 6.6 ± 2.6% vs. insert 4.3 ± 2.7%, paired t test p = 0.0535). We further confirmed these results using the MO3.13 human OL cell line (Supplementary Figure 7). These data show that Th17-polarized cells in direct contact with OLs show elevated granzyme B expression that is polarized toward the target OLs.




Figure 4 | Direct contact with Th17-polarized cells is associated with detection of granzyme B in OLs. (A) Representative FACS pseudocolor dot plots and histogram overlay with isotype and (B, C) quantification of the proportion of CD4+ T cells expressing granzyme B in (B) Th2-polarized cells or (C) Th17-polarized cells after 16 h of coculture with human primary OL separated by a permeable membrane (insert) or in direct contact, no activation with PMA-ionomycin. Wilcoxon matched-pair test (B) or paired t-test (C), n = 5 different OL preps and 5 T cell donors. (D) Representative immunofluorescent images of polarized T cell–OL coculture after 4 h and quantification of granzyme B (mean intensity) in areas of Th17-polarized cells in direct contact (red) or not (gray) with OL, n = 3 different OL preps and 4 T cell donors, total of 100 cells (25 cells/donor). (E) Quantification of granzyme B+ CD4+ cells (percentage), scale bar = 5 μm, n = 3 preps, n = 4 donors, Wilcoxon test, diamond = mean. (F) Representative FACS histogram and (G) quantification of the percentage of O4+ cells expressing granzyme B after 16h coculture with human primary OLs, Friedman test with Dunn’s method, n = 6 OL preps, and 6 T cell donors. **p < 0.01, ***p < 0.001, ****p < 0.0001.





3.5 Pharmacological Blockade of Granzyme B Reduces OL Death

Granzyme B can induce toxicity to target cells (42), and we found that Th17-polarized cells can result in the presence of this protease in OLs/MO3.13 cells. To investigate whether granzyme B can induce cell death of human OLs, activated recombinant human granzyme B was added and cell death measured after 16 h. We observed granzyme B toxicity on OLs (Figure 5A) and on MO3.13 cells (Figure 5B). To prove that granzyme B expressed by Th17-polarized cells contributes to OL death, we pretreated Th17-polarized cells with granzyme B blockers before their addition to MO3.13 cells. MO3.13 cells (without T cells) are resistant to exposure to DMSO (vehicle) or to synthetic granzyme B blocker Ac-IEPD-CHO at doses between 0 and 50 μg/ml (Supplementary Figure 8A). When incubating Th17-polarized cells with the granzyme B blocker or vehicle for 1 h before washing and addition to MO3.13 cells, we observed that the blocker does not affect T-cell survival (data not shown) but diminishes MO3.13 cell death rate compared to DMSO control condition (Figure 5C). Moreover, similar results were obtained using the natural granzyme B antagonist serpina3N (43, 44) (Supplementary Figure 8B). These results show that granzyme B production by Th17-polarized cells plays a role in Th17-mediated OL cell death. Finally, as we were able to demonstrate the presence of granzyme B-expressing CD4+ cells in active/chronic active MS brain lesions (Figure 6), our data suggest that CNS-infiltrating Th17-polarized cells display a high potential to interact with OLs and mediate OL cell death through secretion of granzyme B in MS.




Figure 5 | Th17-polarized secretion of granzyme B induces OL death. Percentage of (A) OLs (n = 4 different OL preps) and (B) MO3.13 cell death as measured by FACS (LIVE/DEAD Amcyan staining) after a 16h incubation with activated granzyme B. Each dot represents one independent experiment, n = 4 independent experiments, Friedmann test with Dunn’s method. (C) Percentage of MO3.13 cell death as measured by FACS (LIVE/DEAD Amcyan staining) after a 16h incubation with Th17-polarized cells pretreated with granzyme blocker Ac-IEPD-CHO (Ac) or DMSO control; each dot represents one donor, n = 5–6 T cell donors, diamond = mean, Wilcoxon test (35 μg/ml), and paired t-test (50 μg/ml). *p < 0.05; **p < 0.01.






Figure 6 | CD4 T cells express granzyme B in proximity to OLs in MS tissue. Representative confocal images of CD4+ cells (green) positive for granzyme B (yellow, upper panel) shown by arrows in proximity to mature OLs (NogoA, magenta) in MS tissue. Representative of two donors, scale bar = 30 μm.






4 Discussion

Mechanisms leading to OL damage in MS, the prototypical inflammatory demyelinating disease characterized by immune-mediated neuroglial injury, remain unclear. Previous studies have suggested OL death mechanisms that may contribute to MS pathology, such as ferroptosis (45), pyroptosis (46), or prolonged glucose deprivation/inflammation in the microenvironment of OLs in the CNS (18, 19). However, these mechanisms were not directly linked to interactions with infiltrating immune cells but rather to indirect consequences of cell invasion. Moreover, compared to rodent OLs and human OL precursor cells, mature human OLs are highly resistant to stressors such as pro-inflammatory cytokines (TNFα and IFNγ), excitotoxicity, and glucose deprivation (17–20). The presence of CD4+ T cells in NAWM and lesions in the CNS of MS patients has been extensively described (3, 47–50). In parallel, it has been shown that CD4+ T cells can induce OL death in vitro (17, 51), suggesting that direct CD4+ T cell-mediated OL death could participate to neuroglial injury in MS. We recently reported that one pathogenic subset of CD4+ T cells, Th17 cells, can form prolonged contact with OLs in EAE and secrete glutamate which causes rapid damage to OLs processes. However, we showed that Th17-polarized cells but not glutamate can subsequently induce OL death, suggesting that the first consequence of Th17-polarized cells on OLs would be process injury and myelination impairment through CD29-triggered release of glutamate, followed by OL death through yet unidentified mechanisms (17). Herein we showed that human Th17-polarized cells show a great capacity to target and adhere to human OLs, leading to important biological changes in Th17-polarized cells that will result in higher cytotoxicity. Furthermore, we found that granzyme B plays a role in OL cell death induced by Th17-polarized cells, which could be relevant to MS in light of the presence of CD4+ T cells expressing granzyme B that we observed MS CNS tissue.

Few to no human mature OLs express the protein MHC II at a detectable level (17), ruling out mismatch of MHC II between OLs and T cell donors as a mechanism underlying T cell-mediated OL injury in our experimental setup. Although the proportion of cells in contact and the velocity of Th17- and Th2-polarized cells is relatively similar in the absence of target cells, Th2-polarized cells showed significantly less interactions with oligodendroglial cells and conserved a higher motility on OLs and MO3.13 cells than Th17-polarized cells, even among cells able to form prolonged contact (Figure 1 and Supplementary Figure 4). Longer contact and lower speed are usually associated with significant biological alterations in T cells, for example calcium influx during activation of Th17 cells by APCs (28, 29, 52, 53). Cytotoxic CD4+ T-cell morphological characteristics upon release of lytic granules into target cells involve either a round shape with adhesion to the surface of the target cell or the formation of lamellipodia with an elongated shape (54). These are respectively reminiscent of our static behavior in CD4+ T cells engaged in stable contacts with human OLs (adhering round shape) and of our scanning behavior (elongated adhering shape). The higher proportion of Th17-polarized cells forming stable contacts with OLs and therefore displaying static or scanning behavior compared to Th2 cells could suggest a higher cytotoxic potential through release of lytic granules from their part. This is supported by our bright-field live imaging showing the presence of vesicle-like structures in the size of lytic granules in OLs and MO3.13 cells in areas in contact with Th17- but not Th2-polarized cells. Interestingly, in our setup T cells appeared to interact more with cell bodies than processes of OLs, which might be due to technical factors (size/volume of surface, imaging technique) but could also reflect the rapid loss of processes with preservation of the cell body by OLs under stress conditions (17, 18) and/or differences in the level of expression of OL–T cell binding partners on the OL cell body versus processes.

We have recently reported that up to 30% of CD4+ T cells found in the CNS tissue of MS subjects, in either normal-appearing white matter or white matter lesion, are in contact with OLs (17). As CD4+ T cells can exert cytotoxicity toward OLs (51) but mature human OLs are rather resistant to soluble stressors (17–20), we used single-cell RNA sequencing to understand how contact with human OL shapes T-cell response and identify the mechanisms underlying OL death mediated by Th17 cell-polarized cells. Interestingly, we found that upon direct contact with Th17-polarized cells, OLs significantly upregulate their expression of chemokines CXCL10 and CXCL11, whose levels in the CSF are associated with clinical evolution in multiple sclerosis (55, 56). These chemokines are implicated in the recruitment of T cells to sites of inflammation (57–59) and could therefore promote interactions between Th17-polarized cells and OLs. In particular, CXCL10 directly promotes expression of IFNγ by activated CD4 T cells (60). In parallel, our data demonstrate that human Th17-polarized cells are strongly affected by their direct contact with human OLs, showing an important shift toward a pro-inflammatory phenotype. We observed the upregulation of genes linked to metabolism, such as glycolysis-related nicotinamide adenine dinucleotide (NAD) (61–65) and of TNFα and IFNγ signaling pathways, which we were able to confirm at the protein level by immunoassays. Of note, contact with OLs is associated with an upregulation of IL-2RA mRNA in Th17-polarized cells, which is a gene associated with MS susceptibility (66) and with pathogenic Th17 cells in EAE (67). IFNγ and IL-2 signaling is associated with expression of TBX21, a transcription factor that was upregulated in Th17-polarized cells upon contact with OLs (Supplementary Table 2) and induces expression of granzyme B (68). Importantly, we report that direct contact of human Th17-polarized cells with human OLs leads to an upregulation of secretion of granzyme B in the supernatant and of levels of granzyme B mRNA and protein in Th17-polarized cells. While expression of GZMB remains low in OLs even after direct contact with Th17-polarized cells (Supplementary Figure 9A), we cannot exclude that OLs exposed to activated T cells contribute to the increased levels of granzyme B in the supernatant and within OLs. Nevertheless, as we showed that granzyme B can induce OL cell death and that interfering with granzyme B activity of Th17-polarized cells protect human oligodendrocytic MO3.13 cells, we have identified granzyme B-mediated cytotoxicity as a mechanism implicated in immune-mediated human OL cell death. Our data therefore show that direct contact of CD4+ T cells with OLs promotes a Th17/Th1 pro-inflammatory phenotype with secretion of cytokines and chemokines that could play a role in sustaining CNS-targeted autoimmune processes by destabilizing and activating the BBB, promoting the recruitment and activation of immune cells, and exerting direct cytotoxicity toward OLs (69–76).

Granzyme B is a serin protease expressed by many immune cell types. Described initially in CD8 T cells as an essential mediator for killing target cells (77), granzyme B is also highly expressed in NK cells and other T cells, notably activated CD4+ T cells (9, 78, 79). Granzyme B is well known to induce cell apoptosis, chromatin condensation, DNA disintegration (80), and pro-apoptotic caspase-7 launch (24) or cell metabolism/function alterations (23). In line with previous publications, we report that among Th17-polarized cells, IL-17+ T cells preferentially express granzyme B (9) but that a high proportion of IFNγ+ CD4 T cells also express granzyme B (81). Cytotoxic IFNγ+CD28negative CD4 T cells are enriched in the peripheral blood of MS patients; these cells can contribute to immune-mediated OL injury (82–84). Interestingly, we observed that the expression (raw counts) of CD28 mRNA was generally low, especially in cells with high expression of GZMB in Th17-polarized cells in coculture with OLs by single-cell RNA sequencing (Supplementary Figure 9B). Granzyme B levels are elevated in the CSF of MS patients (42) and CD4+ T cells from MS patients secrete more granzyme B than healthy controls in the relapsing–remitting (85) and progressive forms (86). In addition, pro-inflammatory CD4+ T cells secreting granzyme B can disrupt the blood–brain barrier (87) and cause glial fibrillary acid protein fragmentation in human primary astrocytes in vitro (22). Higher levels of natural granzyme B antagonist serpina3N were found in the CSF of MS patients, particularly in the progressive forms, and were correlated with neurofilament levels, suggesting that CNS cells attempt but do not succeed to prevent granzyme B toxicity in MS (88). In EAE, serpina3N reduced disease severity and delayed onset of symptoms (89). As serpina3N injections in EAE did not stop CD4+ and CD8+ T-cell infiltration, granzyme B inhibition is considered to play a role directly in mediating injury to neuroglial cells in the CNS (89), in line with a protective effect of the granzyme B inhibitor on human fetal neurons cocultured with activated T cells (89, 90). Although subject to the limitations inherent to in vitro studies, as well-described discrepancies between the vulnerability of rodent OLs compared to human OLs exist (20, 91), our human study is relevant for MS. Importantly, we found CD4+ T cells expressing granzyme B in postmortem CNS tissue of MS patients (Figure 6), in line with the previously described presence of CNS-infiltrating CD4+ T cells expressing granzyme B in the CNS tissue from one RRMS (92) and one SPMS subject (86). Taken together, our data support the hypothesis that granzyme B is a mechanism implicated in the complex deleterious cross talk between OLs and Th17-polarized cells in MS. As neuroprotective therapies are still lacking, our work provides new insights into potential therapeutic targets to limit neuroglial injury initiated by Th17-polarized cells.
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