

[image: Targeted Expression of Myelin Autoantigen in the Periphery Induces Antigen-Specific T and B Cell Tolerance and Ameliorates Autoimmune Disease]
Targeted Expression of Myelin Autoantigen in the Periphery Induces Antigen-Specific T and B Cell Tolerance and Ameliorates Autoimmune Disease





ORIGINAL RESEARCH

published: 02 June 2021

doi: 10.3389/fimmu.2021.668487

[image: image2]


Targeted Expression of Myelin Autoantigen in the Periphery Induces Antigen-Specific T and B Cell Tolerance and Ameliorates Autoimmune Disease


Shin-Young Na and Gurumoorthy Krishnamoorthy*


Research Group Neuroinflammation and Mucosal Immunology, Max Planck Institute of Biochemistry, Martinsried, Germany




Edited by: 
Abdelhadi Saoudi, U1043 Centre de Physiopathologie de Toulouse Purpan (INSERM), France

Reviewed by: 
Lennart T. Mars, Institut National de la Santé et de la Recherche Médicale (INSERM), France
 Andre Ortlieb Guerreiro Cacais, Karolinska Institutet (KI), Sweden

*Correspondence: 
Gurumoorthy Krishnamoorthy
 guru@biochem.mpg.de 

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


Received: 16 February 2021

Accepted: 18 May 2021

Published: 02 June 2021

Citation:
Na S-Y and Krishnamoorthy G (2021) Targeted Expression of Myelin Autoantigen in the Periphery Induces Antigen-Specific T and B Cell Tolerance and Ameliorates Autoimmune Disease. Front. Immunol. 12:668487. doi: 10.3389/fimmu.2021.668487



There is a great interest in developing antigen-specific therapeutic approaches for the treatment of autoimmune diseases without compromising normal immune function. The key challenges are to control all antigen-specific lymphocyte populations that contribute to pathogenic inflammatory processes and to provide long-term protection from disease relapses. Here, we show that myelin oligodendrocyte glycoprotein (MOG)-specific tolerance can be established by ectopic expression of MOG in the immune organs. Using transgenic mice expressing MOG-specific CD4, CD8, and B cell receptors, we show that MOG expression in the bone marrow cells results in impaired development of MOG-specific lymphocytes. Ectopic MOG expression has also resulted in long-lasting protection from MOG-induced autoimmunity. This finding raises hope that transplantation of autoantigen-expressing bone marrow cells as a therapeutic strategy for specific autoantigen-driven autoimmune diseases.
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Introduction

Autoimmunity results from a failure to induce tolerance of autoreactive T and B lymphocytes, and subsequent activation of these cells by a variety of mechanisms (1). The autoimmune regulator (AIRE) gene controls the expression of a subset of tissue-specific antigens within the thymus, thereby preventing the maturation of several autoreactive T cells (2). Nevertheless, autoreactive lymphocytes do escape thymic selection and form a natural component of the immune repertoire. The ability to control these autoreactive lymphocytes by re-establishing antigen-specific tolerance is the major objective for the treatment of autoimmune diseases. Over the past few decades, various antigen-specific therapeutic approaches that include delivery of self-antigens using DNA, mRNA, synthetic peptides, recombinant proteins, and antigen-coated nanoparticles have been shown to provide short-term therapeutic benefits in experimental models (3). However, induction of permanent tolerance is an ideal goal for the long-term management of autoimmune diseases.

One of the main difficulties in applying antigen-specific approaches to autoimmune diseases is the complexity of the autoreactive immune cell repertoire. Despite several decades of research, the definitive target autoantigen in the common neurological disease Multiple Sclerosis (MS) is yet to be identified. The myelin oligodendrocyte glycoprotein (MOG), a minor component of the compact myelin sheath, is now emerging as a target autoantigen in patients with specific clinical neurological dysfunction collectively termed as MOG-antibody disease, which does not meet the typical criteria for MS or other known neuroinflammatory conditions (4). MOG-antibody disease patients resemble clinically the neuromyelitis optica spectrum disorders in the predilection for relapses of optic neuritis and transverse myelitis and do not have aquaporin 4 (AQP4) autoantibodies. Serum autoantibodies against MOG are commonly found in these patients (5). Thus, MOG-specific tolerance approaches are attractive for the treatment of MOG-antibody disease patients.

The expression of tissue-specific antigens in the thymus and bone marrow plays a critical role in the induction of physiological tolerance through a negative selection process whereby high-avidity self-reactive T cells and B cells, are eliminated (6). For instance, neuronal antigen NF-M and the DM20 isoform of the myelin antigen, proteolipid protein (PLP), is known to be expressed in the thymus (7, 8). However, several tissue-specific autoantigens are not expressed in the thymus and bone marrow which leads to the escape of those self-antigen-specific T and B cells. MOG is exclusively expressed in the central nervous system (CNS) oligodendrocytes (9, 10). Although a report suggests that MOG is expressed in the thymus at the transcript level (11), incomplete tolerance to MOG was observed in experimental animals. Immunization of mice with MOG readily induces severe encephalomyelitis, suggesting that MOG-specific T cells are present in healthy mice.

Induction of immune tolerance could be achieved by resetting the immune system through autologous hematopoietic stem cell transplantation (AHSCT) (12). However, the re-emergence of autoreactive lymphocytes cannot be completely ruled after AHSCT. A solution to this problem is to introduce self-antigen into the bone marrow cells before transplantation to permanently dampen autoreactivity against a specific antigen without impairing general immunity. In this study, we have explored the hypothesis that long-term MOG-specific tolerance can be established by expressing full-length MOG in the peripheral immune system. We show that MOG expression in the peripheral immune organs results in life-long tolerance to MOG-specific CD4, CD8, and B cells. Functional MOG-specific T and B cells fail to develop in MOG-expressing transgenic mice and these mice were protected from autoimmune encephalomyelitis upon immunization. Finally, we show that transplantation of MOG-expressing bone marrow cells is sufficient to induce tolerance. Our results suggest that transplantation of bone marrow cells expressing MOG is an attractive strategy to re-establish MOG-specific immune tolerance in patients with MOG-antibody disease.



Material and Methods


Mice

For the generation of transgenic MOG overexpressing mice (TgMOG), the entire coding region of murine MOG from mouse brain cDNA was amplified and inserted into the sites SalI and BamHI of the vector pHSE3´ containing H2-Kb promoter and immunoglobulin heavy chain enhancer (13). For the generation of TCR25 mice, we isolated a CD8+ T cell clone from C57BL/6 mice immunized with MOG206-214. TCR Vα5 (TRAV3-3*01) and Vβ9 (TRBV17*01) chains were amplified with specific primers and cloned into pHSE3´ vector. Prokaryotic DNA elements from the transgenic expression constructs were removed by XhoI digestion and the transgenic constructs were microinjected into C57BL/6 oocytes. The founder mouse that expressed the transgene was bred with C57BL/6 mice. 2D2 (14), RAG2–/–, IgHMOG (15), and TCRova (OT-II) mice were maintained in the animal facilities of the Max Planck Institute of Biochemistry and Neurobiology, Martinsried, Germany.



Proteins and Peptides

MOG35-55 (MEVGWYRSPFSRVVHLYRNGK), MOG206-214 (LAGQFLEEL), and Ova323-339 (ISQAVHAAHAEINEAGR) peptides were synthesized by BioTrend or core facility of Max Planck Institute of Biochemistry. Recombinant rat MOG was produced from E. coli as described earlier (16) and biotinylated using Biotin-X-NHS (Thermo Scientific) according to the manufacturer’s instructions.



EAE Induction

Mice were injected s.c. at the tail base with an emulsion containing equal amounts of complete Freund’s adjuvant (CFA) (Difco) containing 5 mg/ml Mycobacterium tuberculosis (strain H37Ra) (Difco) and 200 µg MOG35-55 in PBS. 400 ng of pertussis toxin (List Biological Labs) was injected i.p. on days 0 and 2 following immunization. Clinical scores were assigned on a scale of 1 - 5 as follows: 0: healthy; 1: flaccid tail; 2: impaired righting reflex and/or gait; 3: one paralyzed hind leg; 4: both hind legs paralyzed; 5: moribund animal or death of the animal after preceding clinical disease.



Antibodies and Flow Cytometric Analysis

The following anti-mouse antibodies were purchased from BD Biosciences, Biolegend, or eBioscience. CD4-PerCP-Cy5.5, CD8-APC, CD3-FITC, CD19-PE, B220-PerCP-Cy5.5, Vα3.2-FITC, Vβ11-PE, NK1.1-biotin, CD11c-FITC, CD11b-PE, Gr-1-biotin, CD21-FITC, CD23-biotin, CD25-PE, CD44-FITC, CD62L-APC, CD69-FITC, Vb9-PE, CD86-PerCP-Cy5.5, PD-1-PE, IgMb-FITC, IgMa-PE, B220-BV605, Foxp3-FITC, TCR Vβ screening panel labeled with FITC. Erythrocyte depleted single-cell suspensions were prepared from the spleen, thymus, bone marrow, and pooled lymph nodes. For the detection of cell surface markers by flow cytometric analysis, cells were stained with fluorochrome-labeled antibodies. Streptavidin-APC (BD Biosciences) was used to detect biotin-labeled antibodies. MOG expression on the cell membrane was detected with FITC labeled MOG-specific 8.18-C5 antibody. MOG-binding B cells were detected using biotinylated recombinant MOG monomer and subsequent staining with streptavidin-APC. Intracellular staining was performed according to the manufacturer’s instructions (eBioscience). Data acquisition was done with a FACSCalibur or FACSCanto system (BD Biosciences). FlowJo software (TreeStar) was used for further analysis. The general gating strategy to determine the frequencies of immune cells is shown in Supplementary Figure 5.



In Vitro Proliferation Assay

Single-cell suspensions from spleens were prepared and 2 x 105 cells/well were seeded in 96-well, round-bottom plates in a total volume of 200 µl complete RPMI medium containing 10% fetal bovine serum (Gibco). Cell were stimulated with 1 µg/ml anti-CD3 (145-2C11, BioXCell), 1 µg/ml LPS (Sigma), 50 ng/ml PMA plus 500 ng/ml ionomycin (Sigma), 2.5 µg/ml ConA (Sigma) or 20 µg/ml peptides. After a culture period of 48 hours, 1 µCi 3H labeled thymidine was added per well. Samples were harvested 16 hours later and thymidine incorporation was measured and represented as counts per minute (cpm). Each sample was run in triplicates. For flow cytometry-based proliferation assay, 2 x 107 splenocytes were washed with PBS and incubated at 37°C for 10 min with 5 µM eFluor 450 (Thermo Fischer Scientific). Cells were cultured as above with peptides at indicated concentrations for 3 days before measurement using FACS Canto.



Bone Marrow Transfer

Bone marrow cells were flushed from femurs of TgMOG and WT mice, and erythrocytes were removed. 5 - 10 X 106 cells were injected into lethally irradiated or non-irradiated recipient mice via the tail vein. Immune organs were isolated and analyzed after 4 weeks.



Adoptive Cell Transfer

Splenocytes from IgHMOG mice were labeled with 5 µM eFluor 450 and 20 X 106 cells were injected into TgMOG or WT littermates via the tail vein. The spleen cells were analyzed by flow cytometry after 5 days.



Cytokine ELISA

Cells were plated and stimulated as described for proliferation assays. After 72 hours cell supernatants were collected. Cytokine concentrations were determined using matching antibody pairs for mouse IL-6, IL-10, IL-17, IFNγ (Pharmingen). ABTS (Sigma) was used as a color substrate and the optical density (OD) was measured at 405 nm.



Determination of Serum Immunoglobulins

Serum collected from mice were transferred to 96-well ELISA plates (Nunc) pre-coated with respective isotype-specific capture antibodies (BD Biosciences) or recombinant MOG. After extensive washes, bound immunoglobulins were detected by a sandwich consisting of a biotinylated allotype and isotype-specific anti-mouse Ig (BD Biosciences) and a streptavidin-horseradish peroxidase (HRP) complex (BD Biosciences). ABTS (Sigma) was used as a color substrate and the OD was measured at 405 nm.



Statistical Analysis

GraphPad Prism 9 (GraphPad Software, Inc.) was used for statistical analyses. P values below 0.05 were considered statistically significant. Bars and line graphs depict the mean ± standard error of mean.




Results


Expression of MOG in the Periphery Dampens MOG-Specific Immune Responses

We inserted a complementary DNA (cDNA) encoding MOG, a minor component of the central nervous system myelin sheath and exclusively expressed by oligodendrocytes, downstream of the H-2Kb promoter to allow the broader peripheral expression outside the CNS. A transgenic mouse line (hereafter referred to as TgMOG) was obtained that passed the transgene stably to its offspring. The TgMOG mice had a normal life span without any abnormalities including any signs of overt autoimmunity for more than 1 year of observation. There were no differences in the thymic development of T cell subsets (Figure 1A). The cellularity and the composition of immune cells in the primary and secondary immune organs, thymus, spleen, bone marrow, and lymph node were similar to non-transgenic wild type (WT) littermates (Figures 1B–D, and Supplementary Figures 1A, C). Further, there were no differences in the activation markers CD62L, CD69, PD-1, CD25, and CD44 in CD4+ and CD8+ T cells and CD86 expression in B cells (Figures 1D, E and Supplementary Figure 1B). Flow cytometry analysis showed the expression of MOG in the immunological organs, bone marrow, spleen, lymph node, and thymus. We particularly observed a higher MOG expression in cells of hematopoietic lineages including T and B cells in the spleen and lymph nodes (Figure 1F).




Figure 1 | Lymphoid development in TgMOG mice. (A) Flow cytometry analysis of thymus from TgMOG and WT non-transgenic littermates. Representative plots are shown (top). Frequencies and total numbers of CD4+, CD8+, DN (CD4–CD8–), and DP (CD4+CD8+) T cells are depicted (bottom). (B) Cellularity of thymus, spleen, lymph nodes (LN), and bone marrow (BM). (C) Immune cell composition of the spleen from TgMOG and WT mice. Frequencies of CD19+, CD4+, CD8+, CD11c+, CD11b+, Gr-1+ and NK1.1+ cells in the live gate are shown. (D) B cell subsets in the spleen of TgMOG and WT mice. Frequencies of CD86+,CD21hiCD23–, CD21lowCD23–, CD21medCD23+ cells in gated B220+ cells are shown. (E) Activation marker expression in splenic CD4+ T cells. Frequencies of CD62Llow, CD69+, PD-1+, CD25+, Foxp3+ cells (left) or mean fluorescence intensity (MFI) of CD44 expression (right) in gated CD4+ cells are shown. (F) Representative flow cytometry histograms showing membrane MOG expression in lymphoid organs. (A–E) The combined data from two independent experiments is shown. n = 4 - 6 mice each group. Each circle represents an individual mouse.



We next determined the T and B cell responsiveness to polyclonal stimulants. Stimulation of splenocytes from TgMOG mice and WT littermates with anti-CD3, lipopolysaccharide (LPS), Phorbol 12-myristate 13-acetate (PMA)/ionomycin, and concanavalin A (ConA) did not show differences in proliferative response (Figures 2A, C). Cytokine responses after anti-CD3 and LPS stimulation were also similar (Figures 2B, D). The total serum antibody levels remained comparable between TgMOG mice and WT non-transgenic littermates (Figure 2E). To study whether the transgenic expression of MOG dampens antigen-specific immune responses, we immunized TgMOG mice with either MOG35-55 or OVA323-339 and measured recall immune responses. When splenocytes from MOG-immunized TgMOG and WT non-transgenic littermates were challenged with MOG35-55 peptide, T cell proliferation was not detectable in TgMOG lymphocytes while remained responsive to mitogenic stimulation by ConA (Figure 2F). However, immunization of TgMOG mice with ovalbumin resulted in comparable anti-ovalbumin proliferative responses similar to non-transgenic littermate (Figure 2G). The recall stimulation assays also showed a reduced IFNγ and IL-17 production after MOG35-55 restimulation in TgMOG mice compared to WT littermates whereas LPS stimulation resulted in similar levels of IFNγ production (Figure 2H). Together, these data indicate that TgMOG transgenic mice have a competent immune system but remain specifically tolerant to MOG-induced immune responses.




Figure 2 | Immune responses in TgMOG mice. (A), Proliferation of splenocytes from WT or TgMOG mice in response to polyclonal stimulants anti-CD3, PMA/ionomycin, and ConA. Each circle represents an individual replicate. (B), Cytokine (IL-6, IL-10, and IFNγ) secretion by splenocytes in response to anti-CD3 stimulation. Each circle represents an individual mouse. n = 4 per group. (C), Proliferation of splenocytes in response to LPS stimulation. (D), Cytokine (IL-6, IL-10, and IFNγ) secretion by splenocytes in response to LPS stimulation. Each circle represents an individual mouse. n = 2 per group. (E), Total IgM, IgG1, IgG2a, IgG3 and IgE immunoglobulin titers in the sera of TgMOG (n = 23) or WT (n = 22) mice were measured by ELISA. (F, G) Proliferation of splenocytes from MOG35-55 (F) or OVA323-339 (G) immunized WT or TgMOG mice. Each circle represents an individual replicate. **P = 0.0016 (Two-way ANOVA). (H), Cytokine (IFNγ and IL-17) secretion of splenocytes in response to LPS or MOG35-55 stimulation. **P = 0.0043, **P = 0.0094 (Two-way ANOVA). n = 3 per group. (A–D, F, G), Representative data from two independent experiments is shown.





MOG-Expression Induces Deletion of MOG-Specific B Cells in MOG-Reactive B Cell Receptor (BCR) Transgenic Mice

MOG-specific autoimmunity is characterized by the generation of MOG-reactive autoantibodies that can induce demyelination. Therefore, we evaluated the effects of MOG expression on MOG-specific B cell response by crossing TgMOG mice with MOG-specific immunoglobulin heavy chain expressing transgenic mouse (IgHMOG) (15). While more than 95% of the IgHMOG mice B cells express a heavy chain of a demyelinating antibody 8.18-C5, approximately about 30 – 50% of those B cells bind MOG due to random pairing of light chains from endogenous repertoire (15, 17). The expression of MOG on the cell membrane in TgMOG and IgHMOG x TgMOG mice was confirmed by staining with the 8.18C5 antibody (Figure 3A; top panel). The staining of transgenic B cells with anti-IgMa antibody showed a reduction in the frequencies of IgMa expressing B cells and a slight elevation of IgMb expressing non-trangenic B cells in IgHMOG x TgMOG mice when compared to single transgenic IgHMOG mice (Figure 3A; middle panel). However, few IgMa expressing B cells remained in IgHMOG x TgMOG mice failed to bind recombinant MOG protein (Figure 3A; bottom panel). This is in line with the fact that approximately 30 – 50% of IgHMOG B cells bind MOG. Consistent with this, we observed that MOG-specific autoantibodies were also completely absent in the serum of IgHMOG x TgMOG mice (Figure 3B). However, we found similar levels of total IgM and IgG antibodies in the serum (Figure 3C). In addition, the transfer of IgHMOG mice splenocytes into TgMOG or WT littermates resulted in the deletion of MOG-specific B cells in the TgMOG recipients (Supplementary Figure 2). Taken together, we conclude that MOG expression outside the CNS induces MOG-specific B cell tolerance by selectively deleting MOG-binding B cells.




Figure 3 | MOG-specific B cells are deleted in IgHMOG X TgMOG mice. (A), Representative flow cytometry data from TgMOG, IgHMOG, IgHMOG X TgMOG mice. Cells were stained with antibodies against transgenic anti-IgMa, WT anti-IgMb, anti-MOG 8.18C5 antibodies or recombinant MOG protein along with B cell lineage markers B220 and CD19. Representative data from two independent experiments is shown. (B, C), MOG-specific (B), and total (C) IgMa and IgG1a antibodies in the sera were quantified by ELISA. Each circle represents an individual mouse. n = 5 – 8 mice per group. **P = 0.0016 (Mann-Whitney’s U-test, two-tailed).





MOG-Expression Induces Deletion of MOG-Specific CD4+ and CD8+ T Cells in T Cell Receptor (TCR) Transgenic Mice

We sought to determine the impact of MOG expression on CD8+ and CD4+ T cell tolerance. To study the impact of MOG-expression on MOG-specific CD8+ T cells, we generated TCR transgenic mice (TCR25) recognizing intracellular MOG206-214 epitope. This new transgenic mouse strain express Vα5/Vβ9 TCR that recognizes MOG206-214 in the context of H2-Kb (Supplementary Figures 3A–D). Analysis of thymus and spleen of TCR25 mice showed an expression of Vβ9 TCR exclusively in the CD8+ T cells and these cells react to MOG206-214 (Supplementary Figure 3E). We crossed TCR25 mice with TgMOG mice and observed more than 50% reduction in the transgenic Vβ9+ CD8+ T cells in the thymus and spleen of TCR25 x TgMOG double-transgenic mice (Figures 4A–D). The remaining CD8+ T cells from TCR25 x TgMOG mice showed a reduced proliferative response and IFNγ secretion after MOG206-214 stimulation when compared to single transgenic TCR25 littermates (Figures 4E, F). These results suggest that ubiquitous expression of MOG results in a deletional CD8+ T cell tolerance.




Figure 4 | Decreased MOG specific CD8+ T cells in TCR25 X TgMOG mice. (A, B), Flow cytometry analysis of thymus (A) and spleen (B) from TCR25 and TCR25 X TgMOG mice. The expression pattern of CD4 and CD8 is shown (upper panel). Lower panel histograms show transgenic Vβ9+ TCR on gated CD8 single-positive cells. Representative data from more than three independent experiments is shown. (C), Absolute numbers of immune cells from thymus and spleen. The combined data from two independent experiments is shown. Each circle represents an individual mouse. n = 8 – 10 per group. (D), Frequencies of CD4+, CD8+, and Vβ9+ T cell populations in the spleen of TCR25 and TCR25 X TgMOG mice. The combined data from two independent experiments is shown. Each circle represents an individual mouse. n = 8 – 10 per group ****P < 0.0001 (Two-way ANOVA). (E), Proliferation of CD8+ T cells from TCR25 or TCR25 X TgMOG mice in response to MOG206-214 (2 µg/ml). Histograms of cell proliferation dye e450 fluorescence on the gated CD8+ T cells are shown. Representative data from 2 experiments are shown. (F) IFNγ secretion by splenocytes in response to MOG206-214 (20 µg/ml). Each circle represents an individual mouse. n = 4 – 5 per group *P = 0.0159 (Mann-Whitney’s U-test, two-tailed).



Since MOG-reactive CD4+ T cells are the most important cell type for the induction of the neuroinflammatory disease experimental autoimmune encephalomyelitis (EAE), we examined the influence of MOG-expression on CD4+ T cell tolerance. To this end, we crossed the TgMOG transgenic mice with TCRMOG (2D2) (14) and TCRova (OT-II) (18) transgenic mice, which show a high frequency of MOG- and Ova-specific CD4+ T cells, respectively, in their lymphoid organs. About 4 - 15% of 2D2 mice spontaneously develop autoimmune neuritis and paralytic EAE symptoms (14, 16). However, 2D2 x TgMOG and OT-II x TgMOG double-transgenic mice remained free of any clinical signs during a >6-month observation period.

Thymic T cell development was severely impaired in 2D2 x TgMOG double-transgenic mice which showed reduced cellularity in the thymus compared to 2D2 single-transgenic mice (Figures 5A, B). However, cell numbers of the spleen were similar among both groups (Figure 5B). Flow cytometric analysis demonstrated a significant reduction, but not a complete loss, of CD4+ single-positive cells in the thymus of 2D2 x TgMOG double-transgenic mice compared to 2D2 single-transgenic littermates (Figures 5A, B). In contrast, we noted a substantial increase of double-negative (DN) (CD4–CD8–) thymocytes in 2D2 x TgMOG mice indicating a strong negative selection owing to the expression of MOG. Most of these DN cells represent post DN4 cells and are not the bone marrow precursor cells population indicated by the loss of CD24 and expression of CD3 and TCR (data not shown). Consistent with the cell numbers in the spleen, we found TCR Vα3.2+ Vβ11+ transgenic T cells in the 2D2 x TgMOG double-transgenic mice (Figures 5C, D). Besides, we observed that Vα3.2+Vβ11+ T cells that have escaped thymic selection downregulated CD4 co-receptor on their surface (Figure 5D). While more than 90% of Vα3.2+Vβ11+ T cells from 2D2 single-transgenic mice express the CD4 co-receptor, the majority of transgenic T cells do not express the CD4 co-receptor in 2D2 x TgMOG double-transgenic mice. The frequency of CD8+ T cells remained similar in double and single transgenic spleens (Figure 5C). Although the frequencies of Foxp3+ regulatory T cells (Treg) in the thymus and spleen were increased, the absolute cell numbers were comparable between 2D2 x TgMOG and 2D2 transgenic mice (Supplementary Figure 4).




Figure 5 | MOG-specific CD4+ T cell - tolerance in 2D2 x TgMOG mice. (A), Flow cytometry analysis of thymus from 2D2 and 2D2 X TgMOG littermates. Representative plots are shown. (B), Cellularity of thymus and spleen from 2D2 and 2D2 X TgMOG littermates. The combined data from two independent experiments is shown. Each circle represents an individual mouse. n = 5 - 8 mice per group. **P = 0.0021 (Two-way ANOVA). (C), Immune cell composition of the spleen from 2D2 and 2D2 X TgMOG mice. Frequencies of CD4+, CD8+, CD3+, and transgenic TCR Vα3.2+Vβ11+ cells in the live gate are shown. Representative data from two independent experiments is shown. Each circle represents an individual mouse. n = 3 – 4 mice per group. **P = 0.0037, *P < 0.02 (Two-way ANOVA). (D), Analysis of CD4 and CD3 expression in transgenic TCR Vα3.2+Vβ11+ cells. Representative data from more than two independent experiments is shown. (E), Proliferation of splenocytes from 2D2 and 2D2 X TgMOG mice. Representative data from two independent experiments is shown. Each circle represents an individual replicate. ****P < 0.0001, *P = 0.0223 (Two-way ANOVA). (F), IFNγ secretion by splenocytes in response to MOG35-55. Representative data from two independent experiments is shown. Each circle represents an individual mouse. n = 4 per group. **P = 0.0026 (Two-way ANOVA). (G), Proliferation of splenocytes from MOG35-55 immunized 2D2 and 2D2 X TgMOG mice. Representative data from two independent experiments is shown. Each circle represents an individual replicate. **P = 0.0012, *P = 0.0348 (Two-way ANOVA).



The substantial numbers of 2D2 transgenic T cells in the periphery of 2D2 x TgMOG double-transgenic mice may indicate that some MOG-specific, pathogenic T cells could have escaped negative selection in the thymus. Although we did not find marked differences in the frequencies of DN T cells in TgMOG mice, 2D2 transgenic mice that carry high (>90%) numbers of pathogenic CD4+ T cells could favor incomplete thymic selection. Hence, we stimulated splenocytes from 2D2 x TgMOG double-transgenic mice with MOG35-55 and assessed the proliferative response. A strong T cell proliferation was evident when antigen-independent TCR signaling was induced with anti-CD3 antibodies, however, 2D2 x TgMOG T cells did not respond to the MOG35-55 peptide (Figure 5E). Likewise, cytokine secretion from 2D2 x TgMOG T cells in response to MOG35-55 peptide was also impaired (Figure 5F). The tolerance induced by the MOG expression in TgMOG mice does not cause generalized unresponsiveness, as the T cells from OT-II x TgMOG responded to the cognate peptide Ova323-339 in a similar way to their single transgenic counterparts (data not shown). Also, immunization of 2D2 x TgMOG double-transgenic mice with MOG35-55 together with complete Freund’s adjuvant (CFA) did not restore T cell responsiveness to MOG (Figure 5G).



MOG-Expression in Bone Marrow Cells Induces Tolerance and Ameliorates Autoimmunity

The above data show that transgenic expression of MOG in thymic bone marrow-derived cells or stromal cells induces both deletions of MOG-specific CD4+ T cells as well as downregulation of CD4 co-receptor. To understand whether the expression of MOG in bone marrow cells is sufficient to induce tolerance phenotype, we transplanted MOG-expressing bone marrow cells from TgMOG mice into 2D2 mice. Transfer of MOG-expressing bone marrow cells was sufficient to induce CD4 downregulation similar to 2D2 x TgMOG mice (Figure 6A). Similarly, the transplantation of 2D2 bone marrow cells into TgMOG mice or 2D2 x TgMOG bone marrow cells into WT mice resulted in the impaired development of 2D2 T cells and the few cells that have escaped the selection largely devoid of CD4 co-receptor expression (Figure 6A). Finally, we tested the impact of transgenic MOG expression outside the CNS on the development of EAE induced by immunization with MOG35-55 peptide. While immunization with MOG35-55 peptide produced severe paralytic disease at high incidence in non-transgenic littermates, the TgMOG transgenic littermates were completely resistant to EAE induction (Figure 6B). Similarly, immunization of 2D2 x TgMOG mice also did not produce EAE symptoms in these mice (Figure 6C). Taken together, we conclude that the expression of MOG in the periphery, especially in the bone marrow cells, induces a potent and long-lasting tolerance to MOG-specific lymphocytes.




Figure 6 | MOG expression in immune organs induces T cell tolerance and suppresses EAE. (A), Analysis of CD4 and CD3 expression in transgenic TCR Vα3.2+Vβ11+ cells after bone marrow transplantation. Representative plots are shown. (B), Mean EAE clinical scores in WT (n = 6) or TgMOG (n = 6) mice immunized with MOG35-55. (C), Mean EAE clinical scores in 2D2 (n = 6) or 2D2 X TgMOG (n = 4) mice immunized with MOG35-55. (B, C), Representative data from two independent experiments is shown. ****P < 0.0001 (Two-way ANOVA).






Discussion

This study has addressed whether antigen-specific immune tolerance to a myelin autoantigen can be established by the expression of the autoantigen outside the CNS. We engineered the immune cells to express MOG, which is normally expressed exclusively in the CNS and is not found in the classical primary and secondary lymphoid organs. We found that ectopic expression of MOG in the lymphoid organs led to the deletion of MOG-specific CD4, CD8, and B lymphocytes. Most of the MOG-specific lymphocytes developing in the TCR and BCR transgenic mice were deleted and few that have escaped remained unresponsive to the antigen stimulation. Eventually, this led to a life-long tolerance to MOG-induced autoimmune disease. Our finding shows that enforced expression of autoantigens in primary lymphoid organs is an attractive strategy for the treatment of specific autoantigen-driven diseases.

Antigen-specific tolerization approaches are an ideal goal for the management of autoimmune diseases. However, many autoimmune diseases are complex and are probably driven by many autoantigens. This is especially true for MS, a classical autoimmune inflammatory disorder of the CNS. Although T and B cell responses against numerous myelin and neuronal antigens have been identified in MS patients, none is shown to be a specific driver of MS (19). The currently successful therapies used in MS patients are not specific and employ approaches to either deplete immune cells or prevent the entry of lymphocytes to the CNS. The problem with these approaches is the suppression of normal immune responses in case B cell depleting anti-CD20 antibodies (20) or defective immune surveillance of the CNS leading to fatal diseases like progressive multifocal leukoencephalopathy (PML) in case of anti-VLA4 antibodies (21). Early antigen-specific therapeutic approaches like altered peptide ligand (APL) which are designed to suppress T cell reactivity against MBP was highly attractive, but clinical trials with APL enhanced the disease activity (22, 23). It should be noted that different MS patients may have different autoimmune reactivity and targeting one autoantigen MBP may not be ideal in a heterogeneous group of MS patients.

Some years ago, autoantibodies against astrocyte antigen AQP4 has been discovered in a subset of patients with neuromyelitis optica spectrum disorders (NMOSD) (24). Recently, a new neurological condition associated with pathogenic serum antibodies against MOG which is distinct from MS and AQP4 antibody-positive NMOSD has also been identified (25). While the cellular composition of CNS lesions in MOG-antibody disease patients is currently unknown, there is a possibility that MOG-driven T cell responses are responsible for the generation of MOG autoantibodies.

The identification of specific autoantigens in a subgroup of MS patients raises the possibility that antigen-specific therapeutic approaches likely benefit those patients. Some of the antigen-specific therapeutic approaches that have been previously tried in experimental models of MS include injection of fused autoantigen peptides (26, 27), peptide nanoparticles (28), peptide-MHC coated nanoparticles (29), DNA (30, 31), or peptide mRNA (32). Despite their efficiency in suppressing neuroinflammation, the long-term efficiency of those approaches is not known. Most importantly most of these approaches were targeted against CD4+ T cells while it is known that CD8+ T cells and B cells are also crucially important for MS disease pathogenesis. Also, as many epitopes within the same autoantigen can be recognized by the T cells and B cells, peptide epitope approaches will be of limited value.

An alternative approach is to harness the natural tolerance induction process employed by our immune system to purge autoreactive cells permanently from the repertoire. To test the feasibility of this approach, we enforced MOG expression in the immune system by transgenic technology. This resulted in higher expression of MOG protein in all cells of the immune system in the spleen and lymph nodes. The expression of MOG in the thymus and bone marrow immune cells was variable but was sufficient to purge emerging autoreactive T cells or B cells. Since it is difficult to enumerate MOG-specific T and B cells in naïve mice, we crossed MOG-expressing mice with MOG-specific CD4+, CD8+, and B cell receptor transgenic mice. Similar to other model systems (33, 34), MOG expression resulted in a deletion of antigen-specific B cells and T cells. Some of the MOG-reactive T cells have escaped the thymic selection but had reduced TCR expression and downregulation of CD4 co-receptor. Similar downregulation of TCR and CD4 molecules has been observed in antigen-TCR double transgenic model systems (34, 35). However, the escaped T cells were unresponsive to in vitro stimulation with a cognate antigen.

Finally, we noted a comparable deletion of T cells by a transfer of bone marrow cells expressing MOG, in line with previous reports which showed T and B cell deletion upon transfer of retrovirally transduced MOG in bone marrow stem cells (36, 37). AHSCT has been performed in MS patients to reset the immune repertoire, but dominant CD8+ clones were not completely removed after reconstitution (38). This poses a greater risk of disease relapses and it is unknown if the T cells targeting new epitopes of the same antigen will emerge from the reconstituted immune system. Our results suggest that expressing autoantigens before transplantation likely have a favorable long-term beneficial outcome. Although we largely observed deletion of antigen-specific lymphocytes, some autoreactive lymphocytes may escape the selection process in the primary lymphoid organs. But the expression of autoantigens in bone marrow stem cells likely results in the expression of autoantigen in all immune cell populations that occupy secondary lymphoid organs. This will result in the enforcement of additional tolerance induction mechanisms. Indeed, we observed deletion of MOG-specific T cells by a transfer of MOG-expressing immature dendritic cells suggesting that if autoreactive lymphocytes escape negative selection they will be further subjected to additional tolerance mechanisms.



Conclusions

The data presented here show that long-lasting MOG-specific tolerance to T and B cells can be established by ectopic expression in immune cells. This observation has important implications to re-establish tolerance not only in MOG-driven neurological disease but also for the therapy of other autoimmune diseases driven by specific autoantigens.
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Supplementary Figure 2 | MOG-specific B cells are deleted in TgMOG mice. eFluor450 labeled splenocytes from IgHMOG mice were transferred into TgMOG or WT littermates and the spleen of the recipient animals were analyzed after 5 days. A, Flow cytometry analysis of spleen from TgMOG or WT recipients. Dot plots show anti-IgMa and B220 staining (top panel) or recombinant MOG with B220 (bottom panel) gated on eFluor450 positive cells. Representative data from 4 individual mice are shown. B, Frequencies of eFluor450 and IgMa or MOG binding B cell population in the spleen. Each circle represents an individual mouse. n = 4 mice per group. ****P < 0.0001, ***P = 0.0007 (Two-way ANOVA).

Supplementary Figure 3 | Characterization of TCR25 mice. A, B, Flow cytometry analysis of thymus (A) and spleen (B) from WT and TCR25 mice (upper panel). The expression pattern of CD4 and CD8 is shown (upper panel). Lower panel histograms show transgenic Vβ9+ TCR on gated CD8 single-positive cells. Representative data from more than three independent experiments is shown. C, Absolute numbers of immune cells from thymus and spleen. Each circle represents an individual mouse. n = 3 per group. D, Frequencies of CD4+, CD8+, and Vβ9+ T cell populations in the spleen. Each circle represents an individual mouse. n = 3 per group. *P = 0.0158, **P = 0.0078, ***P = 0.0008 (Two-way ANOVA). E, Proliferation of TCR25 mouse CD8+ T cells in response MOG206-214. Histograms of cell proliferation dye e450 fluorescence on the gated CD8+ T cells are shown. Representative data from 3 experiments are shown.

Supplementary Figure 4 | Expression of Foxp3 in the thymus and spleen of 2D2 or 2D2 X TgMOG mice. A, B, Flow cytometry analysis of thymus (A) and spleen (B) from 2D2 and 2D2 X TgMOG littermates. Representative plots are shown. C, D, Absolute cell numbers (C), and frequencies (D) of CD4+ and Foxp3+ cells in the thymus and spleen from 2D2 and 2D2 X TgMOG littermates. Each circle represents an individual mouse. n = 2 - 4 mice per group. **P = 0.0021, ****P < 0.0001 (Two-way ANOVA).

Supplementary Figure 5 | Gating scheme. A sample gating strategy for defining different immune populations.
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