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IFN-β has been the treatment for multiple sclerosis (MS) for almost three decades, but understanding the mechanisms underlying its beneficial effects remains incomplete. We have shown that MS patients have increased numbers of GM-CSF+ Th cells in circulation, and that IFN-β therapy reduces their numbers. GM-CSF expression by myelin-specific Th cells is essential for the development of experimental autoimmune encephalomyelitis (EAE), an animal model of MS. These findings suggested that IFN-β therapy may function via suppression of GM-CSF production by Th cells. In the current study, we elucidated a feedback loop between monocytes and Th cells that amplifies autoimmune neuroinflammation, and found that IFN-β therapy ameliorates central nervous system (CNS) autoimmunity by inhibiting this proinflammatory loop. IFN-β suppressed GM-CSF production in Th cells indirectly by acting on monocytes, and IFN-β signaling in monocytes was required for EAE suppression. IFN-β increased IL-10 expression by monocytes, and IL-10 was required for the suppressive effects of IFN-β. IFN-β treatment suppressed IL-1β expression by monocytes in the CNS of mice with EAE. GM-CSF from Th cells induced IL-1β production by monocytes, and, in a positive feedback loop, IL-1β augmented GM-CSF production by Th cells. In addition to GM-CSF, TNF and FASL expression by Th cells was also necessary for IL-1β production by monocyte. IFN-β inhibited GM-CSF, TNF, and FASL expression by Th cells to suppress IL-1β secretion by monocytes. Overall, our study describes a positive feedback loop involving several Th cell- and monocyte-derived molecules, and IFN-β actions on monocytes disrupting this proinflammatory loop.
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Introduction

Multiple sclerosis (MS) is an immune-mediated demyelinating disease characterized by the accumulation of immune cells in the central nervous system (CNS) (1). While the etiology of MS remains elusive, our view on the pathophysiology of MS has largely evolved through analogy with experimental autoimmune encephalomyelitis (EAE), an animal model of MS. It is widely accepted that in MS and EAE, myelin-specific helper T (Th) cells primed in the peripheral lymphoid organs enter the CNS and initiate inflammation through interaction with antigen-presenting cells (APCs). APCs present myelin antigens (Ags) and reactivate CNS-infiltrated myelin-specific Th cells (2–5). Reactivated Th cells start producing pro-inflammatory mediators, such as granulocyte macrophage-colony stimulating factor (GM-CSF), which license the inflammatory phenotype of monocytes. Monocytes aggravate the CNS inflammation by producing pro-inflammatory cytokines, chemokines, reactive oxygen species, and reactive nitrogen species that lead to myelin damage and neuronal loss (6, 7).

IFN-β signals through type-I IFN receptor (IFNAR1) and activates the JAK/STAT pathway that mediates intracellular effects of IFN-β (8). Mice lacking IFNAR1 develop more severe EAE compared to wild-type (WT) controls (9), and treatment with recombinant IFN-β (rIFN-β) ameliorates EAE (10). In 1993, injectable rIFN-β became the first FDA-approved disease-modifying therapy for MS (11, 12). Despite extensive study, the mechanisms whereby rIFN-β ameliorates MS remain incompletely understood; however, it is known that rIFN-β downregulates expression of HLA Class II, thereby inhibiting Th cell activation (13), and that it reduces expression of pro-inflammatory cytokines and molecules that facilitate extravasation of immune cells, such as matrix metalloproteases and very late antigen-4 (VLA-4) (14). Interestingly, it has been shown that rIFN-β ameliorates EAE driven by Th1 cells, but, in contrast, it exacerbates disease induced by Th17 cells (15). The therapeutic effect in Th1-induced EAE correlated with increased IL-10 production, whereas in Th17-induced disease, IL-10 production was unaltered by rIFN-β treatment, suggesting that an increase in IL-10 production is required for EAE suppression by rIFN-β (10).

GM-CSF is a pro-inflammatory cytokine essential to the development and progression of EAE (6, 16–18). It is thought that GM-CSF plays a similarly important role in MS, and positive outcomes of a clinical trial that targeted GM-CSF in MS support this view (19). Receptor for GM-CSF is expressed by both myeloid cells and tissue resident cells, but not by lymphoid cells, such as T cells (20–25). Although different subsets of myeloid cells express the receptor, only expression by monocytes is necessary for EAE to develop (6). Th cells are the relevant source of GM-CSF in EAE, and their encephalitogenicity depends on the capacity to produce GM-CSF (26–28). Recent studies have shown increased frequencies of GM-CSF+ Th cells in the periphery and cerebrospinal fluid (CSF) of MS patients compared to healthy individuals, and treatments with some immunomodulatory therapies, such as rIFN-β, normalize their numbers (29–32). Overall, GM-CSF has been identified as a key mediator of autoimmune neuroinflammation and approaches that target its production or bioactivity are considered a viable strategy for therapy of MS.

Given the crucial role of T cell-produced GM-CSF in EAE, and observations that rIFN-β therapy reduces its production, we elucidated the mechanisms underlying this effect. rIFN-β treatment suppressed GM-CSF expression and EAE development by acting on monocytes, which adopted anti-inflammatory phenotype. rIFN-β induced IL-10 and TGF-β expression in monocytes, and these cytokines were required for suppression of GM-CSF production by Th cells. rIFN-β also suppressed IL-1β expression by monocytes by reducing GM-CSF, TNF, and FASL expression by Th cells. Our study reveals that rIFN-β action on monocytes disrupts a positive feedback loop between monocytes and Th cells that otherwise amplifies production of proinflammatory mediators GM-CSF and IL-1β.



Materials and Methods


Mice and EAE Induction

C57BL/6, CD45.1, Ifnar1-/-, Stat2-/-, Il10-/-, Il10rb-/-, Il1r1-/-, Caspase-1-/-, Ccr2-/-, Csf2-/-, Il27ra-/-, GFP+, and Rag1-/- mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Stat1-/- mice were purchased from Taconic Farms (Hudson, NY, USA). To generate LysM-Cre+Ifnar1fl/fl mice, LysM-Cre mice were crossed with Ifnar1fl/fl mice and used for EAE experiments. Mice were kept in specific pathogen–free conditions in 12/12 h of light/dark cycles with food and water ad libitum. All experimental breeding and procedures were performed with the approval of the Institutional Animal Care and Use Committee of Thomas Jefferson University.

Mice were immunized for EAE induction by subcutaneous injection of 200 µg MOG35-55 (Genscript, CA, USA) emulsified in CFA. Mice received 200 ng of pertussis toxin (Sigma-Aldrich, MO, USA) on days 0 and 2 p.i. and were scored and weighed daily. Mice were scored according to the following scale: 0, no sign of clinical disease; 1, paresis of the tail; 2, paresis of one hind limb; 3, paresis of both hind limbs; 4, paresis of the abdomen; 5, moribund/death.



Cell Culture

Naïve (CD62L+CD44-CD25-CD4+) or effector/memory (CD62L-CD44hiCD25-CD4+) T cells were FACS sorted and cultured at a ratio of 1:4 with T cell-depleted splenocytes, CD11b+, CD11c+, or CD19+ cells at a density of 1x106 cell/ml. Cells were activated with anti-CD3/28 (1 µg/ml; BioXCell) in the presence or absence of rIFN-β (1000 IU/ml; R&D Systems). Cells were also treated with IL-1β (20 ng/ml; PeproTech), GM-CSF (20 ng/ml; R&D Systems), TNF (20 ng/ml; R&D Systems), anti-IL-1R1 (10 µg/ml; BioXCell), anti-TNF (10 µg/ml; BioXCell), anti-GM-CSF (10 µg/ml; Biolegend), anti-FASL (10 µg/ml; BioXCell) antibodies, to study their effect on cytokine expression by T cells or APCs.

Splenocytes from PBS- or IFN-β-treated mice with EAE at day 8 p.i. were cultured with MOG35-55 (25 µg/ml), at a density of 2 x 106 cells/ml. Cell culture supernatants were collected for cytokine quantification by ELISA.

To study the effect of caspase-8 activation in IL-1β production by myeloid cells, WT naive CD4+ T cells were cultured with CD11b+ cells at a density of 1 x 106 cells/ml. Cells were activated with anti-CD3/28 (1 µg/ml) with DMSO or caspase-8 inhibitor (20 µM; R&D Systems).

Bone marrow (BM) cells from WT and Il27ra-/- mice were differentiated into macrophages for 6 days with M-CSF (100 ng/ml, R&D Systems) as described previously (33). Cells were plated at 5 x 105 in MW6 petri dishes (Becton Dickinson, San Diego, CA, USA) and were treated with PBS, or rIFN-β (1000 IU/ml) for 24 h. Cell culture supernatants were harvested for cytokine quantification by ELISA and cells were processed for RNA extraction.



Isolation of CNS Mononuclear Cells

CNS mononuclear cells were isolated as previously described (34). In brief, mice with EAE were perfused with ice-cold PBS, brains and spinal cords were collected, minced, and digested in Liberase (Sigma-Aldrich) for 30 min at 37°C. Digested CNS tissues were further mechanically dissociated, and mononuclear cells were isolated using Percoll gradient (GE Healthcare).



Flow Cytometry and Intracellular Staining

Cells either from mice with EAE or in vitro culture were activated with 50 ng/ml Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich), 500 ng/ml ionomycin (Sigma-Aldrich), and 1µg/ml of GolgiPlug (BD Biosciences) for four hours. Cells were washed and stained with surface antibodies (Supplementary Table 1) for 20 min at 4°C. Cells were washed, fixed and permeabilized with Caltag Fix/Perm reagents (Invitrogen) following the manufacturer’s instructions and stained with intracellular antibodies as listed in Supplementary Table 1. For IL-1β (pro-IL-1β) staining, CNS mononuclear cells were activated with PMA/Ionomycin/GolgiPlug for 6 h and stained with surface and intracellular antibodies. Data were acquired on a FACSAria Fusion (BD Biosciences) and analyzed using FlowJo software (TreeStar).



Cytokine Quantification

Cell culture supernatants were collected, and GM‐CSF, IFN-γ, IL-17A, IL-10, IL-1β, IL-1α, and TNF concentrations were measured by ELISA (R&D Systems) according to the manufacturer’s instructions.



RT-PCR

RNA was extracted from cells of mice with EAE or in vitro cell culture using RNeasy Plus Mini Kit (Qiagen). cDNA was then converted and PCR was performed using the following FAM conjugated primer‐probe mixtures (Applied Biosystems): Csf2 (Mm01290062_m1), Ifng, (Mm01168134_m1), Il6 (Mm00446190_m1), Il1a (Mm00439620_m1), Il1b (Mm0001336189_m1), Il12a (Mm00434169_m1), Il23a (Mm00518984_m1), Il27 (Mm00461162_m1), Tgfb1 (Mm011178820_m1), Il10 (Mm00439614_m1), Ifnb1 (Mm00439552_m1), Irf7 (Mm00516788_m1), Tlr9 (Mm00446193_m1), and Siglec1 (Mm00488332_m1). Values were normalized to VIC conjugated Gapdh (Mm99999915_g1) and compared to control samples.



EAE in Rag1-/- Mice

In order to study the role of IL-1R1 in GM-CSF expression by CD4+ T cells, total CD4+ T cells from WT (CD45.1) and Il1r1-/- (CD45.2) mice were purified using a CD4 isolation kit (Miltenyi Biotec). CD4+ T cells from WT and Il1r1-/- mice were mixed at a 1:1 ratio and 1 x 107 cells were transferred to Rag1-/- recipient mice. Three days past transfer, Rag1-/- mice were immunized for EAE induction.



Bone Marrow Chimerism

WT recipient mice were lethally irradiated with 2 x 550 Rad with a 12 h interval between irradiations. Mice received 5 x 106 BM cells from WT (CD45.1) and Ccr2-/- (CD45.2) mice in a 1:1 ratio (total 1 x 107 cells), or from Ifnar1-/- and Ccr2-/- mice. For RNA-seq analysis experiment, irradiated GFP+ mice received a 1:1 mixture of BM cells from WT (CD45.1) and Ifnar1-/- (CD45.2) mice. Chimera mice were used for EAE induction 6-7 weeks after BM cell transfer.



RNA-seq Analysis

WT/Ifnar1-/- chimeric mice were immunized for EAE induction and treated with rIFN-β daily. At disease peak, WT (CD45.1) and Ifnar1-/- (CD45.2) monocytes (GFP-CD45+CD11b+Ly6ChiLy6G-) were FACS sorted from the CNS of mice, and RNA was extracted using RNeasy Plus Mini kit (Qiagen), according to the manufacturer’s instructions.

100 ng of total RNA was used to prepare libraries using TruSeq Stranded Total RNA kit (Illumina) following the manufacturer’s protocol. The final libraries at a concentration of 4 nM were sequenced on NextSeq 500 using 75bp paired-end chemistry. Raw FASTQ sequencing reads were mapped against the reference genome of Mus musculus Ensembl version GRCm38 utilizing further information from the gene transfer format (.gtf) annotation from GENCODE version GRCh38.p12 (for mouse) using RSEM. Total read counts, and normalized Transcripts Per Million (TPM) were obtained using RSEM’s calculate-expression function. Beforehand, differential expression, batch effects or sample heterogeneity were tested using iSeqQC (https://github.com/gkumar09/iSeqQC). Differential gene expression was tested using the DESeq2 package in R/Bioconductor. Genes were considered differentially expressed (DE) if they had adjusted p ≤ 0.05 and absolute fold change ≥ 1.5. All the plots were constructed using R/Bioconductor.

Gene Set Enrichment Analysis (GSEA) was performed on DESeq2 normalized count data using the default signal-to-noise metric (35). The MSigDB mouse ENSEMBL to human ortholog CHIP file (Mouse_ENSEMBL_Gene_ID_Human_ Orthologs_MSigDB.v7.2) was used for mouse to human gene ID conversion (36). The gene sets analyzed include the MSigDB C7: immunologic signature gene sets, as well as custom monocyte and plasmacytoid dendritic cell gene sets derived from Villani 2017 and Rodrigues 2018 (37, 38). Plots were generated using GSEA normalized enrichment score (NES), and false discovery rate (FDR) q-value.



Statistical Analysis

Statistical analysis was performed by GraphPad Prism 8 software. EAE clinical scores were analyzed using Two-way ANOVA, and Bonferroni correction test was used to adjust p values for multiple comparisons. The paired, two-tailed Student t-test was used to analyze transferred WT and Il1r1-/- CD4+ T cells within the same recipient mouse. Parametric data were analyzed using an unpaired, two-tailed Student t-test. In some experiments, one-way ANOVA with Bonferroni correction was applied for adjustment of the significance values for multiple comparisons; adjusted p ≤ 0.05 was considered significant. Data shown are mean ± SEM.




Results


rIFN-β Treatment Decreases the Numbers of GM-CSF-Producing Th Cells in the Periphery and CNS of Mice with EAE

We and others have shown that MS patients have greater numbers of GM-CSF+ Th cells in peripheral blood than healthy subjects, and that rIFN-β therapy reduces their numbers (29–31). We therefore hypothesized that the beneficial effects of rIFN-β in EAE and MS are mediated by inhibition of GM-CSF production by Th cells. To test this hypothesis, we immunized mice for EAE induction and treated them daily with rIFN-β. Consistent with previous reports (10), the treatment reduced severity of clinical disease without substantially delaying its onset (Figure 1A). Mice were sacrificed at days 8 and 15 post immunization (p.i.), and their immune cells from the spleen and CNS were profiled by flow cytometry. Analysis of splenocytes on day 8 p.i. showed that rIFN-β treatment reduced both frequencies of GM-CSF+ cells among CD4+ T cells and their total numbers in splenocytes, with the reduction in their total numbers occurring across multiple subsets of Th cells (Supplementary Figure 1A). We next evaluated ex vivo the effect of rIFN-β treatment on cytokine production by splenocytes of rIFN-β-treated mice in comparison to control mice (from day 8 p.i.). Splenocytes from rIFN-β-treated mice activated with myelin Ag secreted less GM-CSF and IL-17A in culture supernatants, whereas reduction in IFN-γ secretion did not reach statistical significance (Supplementary Figure 1B). We also determined the effect of rIFN-β treatment on the CNS-infiltrated T cells at disease peak (day 15 p.i.). rIFN-β treatment reduced total numbers of mononuclear cells, including CD4+ T cells (Figure 1B). rIFN-β-treated mice had reduced numbers of total GM-CSF+CD4+ T cells and reduced frequencies of GM-CSF+ cells in CD4+ T cells, including in: Th1 (IFN-γ+IL-17A-), Th17 (IFN-γ-IL-17A+), Th1/17 (IFN-γ+IL-17A+), and ThGM (IFN-γ-IL-17A-) (28) cells (Figures 1C–E). These results show that rIFN-β treatment reduces both frequencies and numbers of GM-CSF+CD4+ T cells in the periphery and CNS of mice with EAE.




Figure 1 | rIFN-β decreases the numbers of GM-CSF-producing Th cells in the CNS of mice with EAE. Female C57BL/6 mice (n=7 per group) were immunized for EAE induction with MOG35-55 and received daily intraperitoneal (i.p.) injections of PBS or rIFN-β (30000 IU). Mice were scored daily for clinical signs and sacrificed at disease peak (day 15 p.i.), and CNS mononuclear cells were analyzed by flow cytometry. (A) Clinical severity score. (B) Total numbers of CNS mononuclear cells and CD4+ T cells in the CNS at day 15 p.i. (C) Representative flow cytometry dot plots showing GM-CSF, IFN-γ, and IL-17A expression by CD4+ T cells in the CNS at day 15 p.i. (D) Proportions and (E) total numbers of GM-CSF+CD4+, and different subsets of GM-CSF+ CD4+ T cells in the CNS. These experiments were conducted twice with similar outcomes. Data shown are mean ± SEM. For EAE, p-values were calculated using two-way ANOVA with Bonferroni’s multiple comparison correction. Parametric datasets were analyzed using unpaired Student’s t-test; *p < 0.05, **p < 0.01.





rIFN-β Suppresses GM-CSF Production by Th Cells In Vitro by Acting on APCs

To begin studying the mechanisms whereby rIFN-β suppresses GM-CSF expression by Th cells, we first tested its effect in co-cultures of naïve CD4+ T cells and APCs. rIFN-β suppressed GM-CSF production in a dose-dependent manner (Supplementary Figure 2A). GM-CSF production by naïve CD4+ T cells was upregulated 48 h after activation (Supplementary Figure 2B), and was strongly suppressed by rIFN-β, without an effect on IFN-γ production (Figure 2A). rIFN-β significantly decreased the proportions of GM-CSF+ Th cells, while the frequencies of IFN-γ+ Th cells remained unchanged (Figure 2B). Given that rIFN-β suppressed GM-CSF production by recently activated naive CD4+ T cells, we next tested whether it has a similar effect on Ag-experienced effector/memory CD4+ T (TEM) cells. Indeed, rIFN-β suppressed GM-CSF production by TEM cells similar to naïve CD4+ T cells (Supplementary Figure 2C). These results show that rIFN-β strongly suppresses GM-CSF expression by all CD4+ T cells in vitro, suggesting that rIFN-β affects Th cell functions in both priming and effector phases of an immune response.




Figure 2 | rIFN-β acts on antigen presenting cells to suppress GM-CSF production by Th cells. Splenic naïve (CD62+CD44-CD25-) CD4+ T cells were co-cultured with T cell-depleted splenocytes (APCs) and activated for 72 h with anti-CD3/28 Abs, with or without addition of rIFN-β (1000 IU/ml) into culturing media. (A) GM-CSF and IFN-γ concentrations in cell culture supernatants measured by ELISA after three days of culturing. (B) Representative flow cytometry dot plots showing GM-CSF and IFN-γ expression by CD4+ T cells, and proportions (%) of GM-CSF+ and IFN-γ+ CD4+ T cells. (C) WT or Ifnar1-/- splenic naïve CD4+ T cells were co-cultured with WT or Ifnar1-/- APCs and activated for 72 h with anti-CD3/28 Abs, with or without addition of rIFN-β into culturing media. GM-CSF concentrations in cell culture supernatants were measured by ELISA after three days of culturing. (D) WT, Stat1-/- or Stat2-/- splenic naïve CD4+ T cells and APCs were co-cultured, activated with anti-CD3/28 Abs, with or without addition of rIFN-β into culturing media. GM-CSF concentrations in cell culture supernatants were measured by ELISA after 72 h of culturing. These experiments were conducted three times with similar outcomes. Data shown are mean ± SEM. P-values were calculated using unpaired Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant.



To determine whether rIFN-β suppresses GM-CSF production by Th cells by directly acting on them, we co-cultured WT or Ifnar1-/- naïve CD4+ T cells and APCs. rIFN-β suppressed GM-CSF expression only in samples with WT APCs, whereas Ifnar1 expression by CD4+ T cells was inconsequential (Supplementary Figure 2D and Figure 2C). IFN-β signaling through IFNAR1 leads to phosphorylation of STAT1 and STAT2, which then mediate intracellular effects of IFN-β (8). We confirmed that the effect of rIFN-β on GM-CSF production by Th cells is indirect by co-culturing WT, Stat1-/- or Stat2-/- naïve CD4+ T cells and APCs. Similar to the result from Ifnar1-/-/WT cell co-cultures, rIFN-β suppressed GM-CSF production only in samples with WT APCs, whereas the lack of STAT1 or STAT2 (Figure 2D) in Th cells was inconsequential. We confirmed that the effect of rIFN-β on GM-CSF-producing Th cells is indirect by treating isolated total CD4+ T cells with rIFN-β. rIFN-β failed to suppress GM-CSF production by Th cells in the absence of APCs (Supplementary Figure 2E), demonstrating that rIFN-β suppresses GM-CSF production by Th cells indirectly, by acting on APCs.



rIFN-β Acts on Myeloid Cells to Suppress EAE

rIFN-β suppressed GM-CSF production by Th cells in vitro via its action on APCs. To determine whether rIFN-β suppresses EAE by acting on APCs, we generated mice (LysM-Cre+Ifnar1fl/fl) in which most myeloid cells lack IFNAR1. Cre expression driven by M lysosome (LysM) results in loss of IFNAR1 expression by monocytes, macrophages, and granulocytes, but does not affect its expression by pDCs and conventional DCs (9). We immunized LysM-Cre+Ifnar1fl/fl mice for EAE induction and treated them with rIFN-β daily. The treatment suppressed EAE in control mice (Ifnar1fl/fl), whereas it had no effect in LysM-Cre+Ifnar1fl/fl mice (Figure 3A). Consistent with this, rIFN-β decreased the frequencies of GM-CSF+ Th cells in the CNS of control mice, but it failed to do so in LysM-Cre+Ifnar1fl/fl mice (Figure 3B). In addition, rIFN-β increased the frequencies of IL-10+ Th cells in the CNS of control mice, but not in LysM-Cre+Ifnar1fl/fl mice (Figures 3B, C). We also analyzed IL-10 expression by different subsets of APCs in the CNS. rIFN-β treatment in control mice increased the frequencies of IL-10+ monocytes, DCs, and macrophages, but not of IL-10+ neutrophils and microglia. In contrast, rIFN-β did not alter the frequencies of IL-10+ APCs in LysM-Cre+Ifnar1fl/fl mice (Figure 3C). Treatment of BM-derived macrophages (BMDMs) confirmed that rIFN-β can directly induce IL-10 expression by myeloid cells (Supplementary Figure 2F). These results show that rIFN-β suppresses EAE by acting on myeloid cells.




Figure 3 | rIFN-β acts on myeloid cells to suppress the development of EAE. Ifnar1fl/fl and LysM-Cre+Ifnar1fl/fl mice (n=6 per group) were immunized for EAE induction with MOG35-55 and received daily i.p. injections of PBS or rIFN-β, sacrificed at day 21 p.i., and CNS cells were analyzed by flow cytometry. (A) Clinical severity score. (B) Representative flow cytometry dot plots showing GM-CSF and IL-10 expression by CD4+ T cells, and proportions (%) of GM-CSF+CD4+ T cells from the CNS. (C) Proportions (%) of IL-10+ CD4+ T cells, monocytes (CD45hiCD11b+Ly6ChiLy6G-), DCs (CD45hiCD11b-CD11c+MHCII+), macrophages (CD45hiCD11b+F4/80+Ly6C-Ly6G-), neutrophils (CD45hiCD11b+Ly6ClowLy6G+), and microglia (CD45intCD11b+) in the CNS. EAE experiments were conducted at least two times with similar outcomes. Data shown are mean ± SEM. For EAE, p-values were calculated using two-way ANOVA with Bonferroni’s multiple comparison correction. Parametric datasets were analyzed using unpaired Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant.





rIFN-β Suppresses EAE Development by Acting on Monocytes

Given the prominent role of monocytes in the pathophysiology of EAE (39), we hypothesized that among myeloid cells, rIFN-β action on monocytes leads to EAE suppression. To test this possibility, we generated mixed BM chimeras in which recipient mice received half BM cells from Ifnar1-/- mice and half from Ccr2-/- mice. Ccr2-/- monocytes fail to leave BM (40); therefore, virtually all monocytes in the circulation of mixed BM chimera mice were of Ccr2+/+ (Ifnar1-/-) origin. Control mixed BM chimera mice were generated with BM from WT mice (CD45.1) and Ccr2-/- mice (CD45.2). After 7 weeks of reconstitution, we confirmed that almost all monocytes in the periphery of chimera mice were of WT origin (Supplementary Figures 3A, B). Chimera mice were then immunized for EAE induction and received a daily dosage of rIFN-β for three weeks (Supplementary Figure 3A). rIFN-β treatment suppressed disease development in mice with WT BM, whereas it failed to suppress disease in mice with Ifnar1-/- BM (Figure 4A). These results demonstrate that IFNAR1 signaling in monocytes leads to disease suppression by rIFN-β.




Figure 4 | rIFN-β suppresses EAE development by acting on monocytes. (A) To generate mixed BM chimera mice (n=5 per group), BM from WT (CD45.1) or Ifnar1-/- mice were mixed with BM from Ccr2-/- mice in a 1:1 ratio (total 1 x 107 cells) and injected into lethally irradiated WT (CD45.2) recipient mice. After seven weeks, mice were immunized for EAE induction and treated daily with i.p. injections of PBS or rIFN-β. Clinical severity scores of WT/Ccr2-/- and Ifnar1-/-/Ccr2-/- chimera mice are shown. (B) Mixed BM chimera mice were generated by transferring BM from WT (CD45.1) and Ifnar1-/- (CD45.2) mice in a 1:1 ratio (total 1 x 107 cells) into lethally irradiated GFP+ recipient mice (n=3). Seven weeks later, mice were immunized for EAE induction and treated with rIFN-β daily. Mice were sacrificed at day 15 p.i. and monocytes (CD45hiCD11b+Ly6ChiLy6G-) were FACS sorted from CNS mononuclear cells. Representative flow cytometry dot plots showing FACS sorting strategies. (C) RNA from WT and Ifnar1-/- monocytes (n=3 per group) was extracted and analyzed by RNA-seq. Hierarchical clustering for WT and Ifnar1-/- monocyte-specific genes. (D) GSEA enrichment analysis of WT and Ifnar1-/- monocyte-specific genes in comparison with GSE114315 and SRA#SUB2908162. Heatmap showing pDC progenitor-, mature pDC- and CD169+ macrophage-specific genes in rIFN-β-treated WT and Ifnar1-/- monocytes. (E) Ifnar1fl/fl and LysM-Cre+Ifnar1fl/fl mice (n=5 per group) were immunized for EAE induction and treated with rIFN-β daily. Mice were sacrificed at day 21 p.i. and CNS-infiltrated monocytes were FACS sorted for flow cytometry and gene expression analysis. Representative flow cytometry dot plots showing PDCA-1 and Siglec-H expression by monocytes. Proportions (%) of PDCA-1+ Siglec-H+ monocytes. (F) RNA from Ifnar1fl/fl and LysM-Cre+Ifnar1fl/fl monocytes was extracted and gene expression determined using RT-PCR. (G) Mice (n=3) were immunized for EAE induction and sacrificed at day 21 p.i. CNS mononuclear cells were isolated and cultured with MOG35-55 and rIFN-β (1000 IU/ml) for 24 h. Monocytes were FACS sorted based on PDCA-1 and Siglec-H expression and RNA was extracted for gene expression analysis by RT-PCR. Data shown are mean ± SEM. For EAE mice, p-values were calculated using two-way ANOVA with Bonferroni’s multiple comparison correction. P-values were calculated using unpaired Student’s t-test in (E, F), and one-way ANOVA with Bonferroni’s multiple comparisons test in (G); ***p < 0.05, **p < 0.01, ***p < 0.001.





rIFN-β Treatment Induces IFN-β Expression in CNS-Infiltrated Monocytes

To study the direct effect of rIFN-β on monocytes during EAE, we used a mixed BM chimera model in which irradiated recipient mice (GFP mice) received half BM cells from WT (CD45.1) and half from Ifnar1-/- (CD45.2) mice. Chimera mice were 7 weeks later immunized for EAE induction and treated with rIFN-β (Supplementary Figure 4A). Mice were sacrificed at disease peak, GFP- WT and Ifnar1-/- inflammatory monocytes (CD45hiCD11b+Ly6ChiLy6G-) from the CNS were FACS sorted (Supplementary Figure 4B), and their transcriptomes characterized by RNA-seq (Figure 4B). 381 genes were differentially expressed in WT monocytes, with 292 genes being upregulated and 89 genes downregulated (Supplementary Table 2). Among upregulated genes were several [Irf7, Tlr9, and Bst2 (PDCA-1)] (Figure 4C) known to induce type-I IFN expression in some immune cells, including pDCs (41). We therefore compared our transcriptomes of monocytes with the list of pDC-specific genes extracted from accession no. GSE114315 (38). Gene set enrichment analysis (GSEA) showed that rIFN-β induced in monocytes a transcriptional profile enriched for both pDC progenitor and mature pDCs genes (Supplementary Figure 4C and Figure 4D). In addition, rIFN-β induced Siglec1 (CD169) (Figure 4D), which is associated with macrophages that produce type-I IFNs during an infection (42). We therefore compared transcriptomes of WT and Ifnar1-/- monocytes with the set of CD169+ macrophage genes extracted from SRA#SUB2908162 (42). GSEA revealed that rIFN-β in WT monocytes induced a transcriptional profile enriched for genes characteristic for CD169+ macrophages (Supplementary Figure 4D and Figure 4D).

To further test whether rIFN-β induces the pDC-like phenotype in monocytes, we immunized Ifnar1fl/fl and LysM-Cre+Ifnar1fl/fl mice for EAE induction, treated them with rIFN-β, and analyzed monocytes from the CNS for pDC markers. rIFN-β treatment increased the frequencies of PDCA-1+SiglecH+ monocytes from Ifnar1fl/fl mice compared to those from LysM-Cre+Ifnar1fl/fl mice (Figure 4E), and upregulated their expression of Ifnb1, Irf7, Tlr9, siglec1, and Il10 (Figure 4F). We also activated with MOG35-55 mononuclear cells from the CNS of WT mice with EAE in the presence of rIFN-β for 24 h. Similar to results from rIFN-β-treated mice, in vitro-treated monocytes had higher frequencies of PDCA-1+Siglec-H+ cells (Supplementary Figure 4E), and higher expression of Ifnb1, Irf7, Tlr9, siglec1, and Il10 than control monocytes (Supplementary Figure 4F). In addition to increasing the frequencies of PDCA-1+Siglec-H+ monocytes, rIFN-β upregulated levels of both PDCA-1 and Siglec-H per cell in vivo and in vitro (Supplementary Figures 4G, H). We also tested the effect of rIFN-β treatment in vivo and in vitro on IFN-α expression by monocytes, but non-reproducible outcomes among repeats precluded drawing any conclusions (data not shown). Overall, these results demonstrate that rIFN-β treatment induces type I-IFNs-expressing phenotype in monocytes.

To identify a subset of monocytes that expresses type-I IFNs, we treated monocytes from the CNS of mice with EAE with rIFN-β and sorted three populations based on PDCA-1 and Siglec-H expression. PDCA-1Hi monocytes, irrespective of Siglec-H expression, had elevated expression of Ifnb1, Irf7, Tlr9, and Siglec1 compared with PDCA-1Low monocytes, whereas only PDCA-1HiSiglec-H+ monocytes upregulated Il10 expression (Figure 4G). These results show that PDCA-1 expression identifies monocytes that produce IFN-β, and that simultaneous expression of PDCA-1 and Siglec-H correlates with co-expression of IFN-β and IL-10.



rIFN-β Ameliorates EAE via IL-10, but Independent of IL-27

To identify the mechanisms whereby rIFN-β modulates APCs to suppress GM-CSF production by Th cells, we co-cultured naïve CD4+ T cells and APCs with addition of rIFN-β, and quantified the expression of cytokines known to regulate GM-CSF expression. rIFN-β strongly suppressed expression of IL-1α and IL-1β, and to a lesser extent of IL-12, IL-23, IL-6 and IFN-γ, but it upregulated IL-10 expression, which was readily detectable 48 h after activation, peaking at 72 h (Supplementary Figures 5A, B).

We next tested whether rIFN-β suppression of GM-CSF production by Th cells requires IL-10 by co-culturing WT or Il10rb-/- naïve CD4+ T cells and APCs with addition of rIFN-β. rIFN-β had notably stronger suppressive effect on GM-CSF production by Th cells if they expressed IL-10R (~60% reduction), whereas IL-10 signaling in APCs resulted in modest suppressive effect on GM-CSF production by Th cells (~20% reduction) (Figure 5A). We next tested whether IL-10 is required for the suppressive effect of rIFN-β in vivo. WT and Il10-/- mice were immunized for EAE induction and treated with rIFN-β daily. rIFN-β suppressed EAE in WT mice, but not in Il10-/- mice (Figure 5B).




Figure 5 | rIFN-β ameliorates EAE via IL-10, but independently of IL-27. Splenic WT or Il10rb-/- naïve CD4+ T cells were co-cultured with of WT or Il10rb-/- APCs and activated with anti-CD3/28 Abs with or without addition of rIFN-β (1000 IU/ml) into culturing media for 72 h. (A) GM-CSF concentrations in cell culture supernatants were measured by ELISA after 72 h. (B) WT and Il10-/- mice (n=18 per group, pooled 3 experiments) were immunized for EAE induction and received daily i.p. injections of PBS or rIFN-β. Clinical severity scores are shown. (C) Splenic WT or Il27ra-/- naïve CD4+ T cells were co-cultured with WT or Il27ra-/- APCs, activated with anti-CD3/28 Abs, with or without addition of rIFN-β into culturing media. GM-CSF concentrations in 72 h cell culture supernatants were measured by ELISA. (D) WT and Il27ra-/- mice (n=6 per group), were immunized for EAE induction and treated with PBS or rIFN-β daily. Clinical severity score is shown. EAE experiments were conducted at least two times with similar outcomes. Data shown are mean ± SEM. For EAE, p-values were calculated using two-way ANOVA with Bonferroni’s multiple comparison correction. Parametric datasets were analyzed using unpaired Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant.



It has been shown that rIFN-β induces IL-27 in vitro, and that IL-27 induces IL-10 and suppresses GM-CSF expression (43). We therefore speculated that rIFN-β inhibits GM-CSF expression, and suppresses EAE by inducing IL-27 expression. However, rIFN-β suppressed both GM-CSF production and EAE independently of IL-27 signaling (Figures 5C, D). In addition, rIFN-β induced IL-10 production by BMDMs irrespective of IL-27 signaling (Supplementary Figure 2E). Taken together, these results show that rIFN-β suppresses GM-CSF production by Th cells and EAE via IL-10 signaling in Th cells, but independently of IL-27.



rIFN-β Suppresses GM-CSF Expression in Th Cells by Reducing Secretion of IL-1β From Myeloid Cells

rIFN-β suppressed expression of both IL-1α and IL-1β in vitro (Supplementary Figures 5A–C). IL-1α and IL-1β signal through the same receptor comprising IL-1R1 and IL-RAcP (44). IL-1β and IL-1R1 are required for the development of EAE, whereas IL-1α is not (45), leading us to focus on IL-1β in the rest of the study. rIFN-β abrogated IL-1β production in co-cultures of naïve CD4+ T cells and APCs by acting on APCs (Supplementary Figure 5D). Given that IL-1β induces GM-CSF expression in Th cells (26, 28), we hypothesized that rIFN-β suppresses their GM-CSF expression by inhibiting IL-1β expression by APCs. We confirmed that IL-1β induces GM-CSF production by Th cells in vitro, in a dose- dependent manner (Supplementary Figures 5E, F). Blocking or absence of IL-1R1 signaling reduced GM-CSF production by Th cells in vitro (Supplementary Figures 5G, H). To test whether IL-1β induces GM-CSF production by Th cells in vivo, we co-transferred total CD4+ T cells from WT (CD45.1) and Il1r1-/- (CD45.2) mice into Rag1-/- mice and immunized them for EAE induction; CD4+ T cells from the spleen and CNS were then analyzed at disease peak. The proportions of total GM-CSF+ Il1r1-/- Th cells were lower than of WT Th cells, both in the spleen and CNS. Lack of IL-1R1 on CD4+ T cells reduced numbers of various GM-CSF+ Th cells (Figures 6A, B), without affecting overall numbers of Th1 and Th17 cells (Figure 6C). Even though GM-CSF expression by Il1r1-/- Th cells was reduced, a proportion of these cells expressed GM-CSF, demonstrating that IL-1β is not absolutely required for GM-CSF production by Th cells. These results show that IL-1β induces GM-CSF expression in Th cells both in vitro and in vivo.




Figure 6 | IL-1β induces GM-CSF expression in Th cells. Splenic WT (CD45.1) and Il1r1-/- (CD45.2) CD4+ T cells in a 1:1 ratio (total 1 x 107 cells) were co-transferred into recipient Rag1-/- mice. Recipient mice (n=7) were immunized for EAE induction, and cells obtained from the spleen and CNS were analyzed at disease peak. (A) Representative flow cytometry dot plots showing GM-CSF, IFN-γ, and IL-17A expression by WT and Il1r1-/- CD4+ T cells from the CNS of mice with EAE. (B) Proportions (%) of GM-CSF+, and different subsets of GM-CSF+CD4+ T cells in WT and Il1r1-/- CD4+ T cells from the spleen and CNS of mice with EAE. (C) Proportions (%) of IFN-γ+, and IL-17A+ CD4+ T cells among WT and Il1r1-/- CD4+ T cells from the spleen and CNS of mice with EAE. (D) Splenic naïve CD4+ T cells were co-cultured with FACS-sorted CD19+ (B cells), CD11b+, or CD11c+ cells from WT splenocytes, and activated with anti-CD3/28 Abs, with or without addition of rIFN-β into culturing media. IL-1β and GM-CSF concentrations in cell culture supernatants were measured by ELISA after 72 h of culturing. (E) Splenic naïve CD4+ T cells were co-cultured with CD11b+ cells and activated with anti-CD3/28 Abs, with or without addition of IL-1β (20 ng/ml) and rIFN-β into culturing media. GM-CSF concentrations in cell culture supernatants were measured by ELISA after 72 h of culturing. These experiments were conducted three times with similar outcomes. Data shown are mean ± SEM. P-values were calculated using paired Student’s t-test in (B, C), and one-way ANOVA with Bonferroni’s multiple comparisons test in (D, E); **p < 0.01, ***p < 0.001, NS, not significant.



To identify cells that produce IL-1β, we co-cultured naïve CD4+ T cells with splenic CD11b+, CD11c+CD11b- (DCs), and B cells of WT mice. CD11b+ cells produced by far the most IL-1β, and CD4+ T cells co-cultured with them secreted the most GM-CSF (Figure 6D). We next tested whether adding IL-1β in co-cultures of CD4+ T cells and CD11b+ cells would counteract the suppressive effect of rIFN-β on GM-CSF production. Exogenous IL-1β induced higher GM-CSF production by Th cells, but only partially ameliorated the suppression by rIFN-β (Figure 6E). These data indicate that the suppressive effect of rIFN-β on GM-CSF production by Th cells is mediated, in part, by suppression of IL-1β secretion from myeloid cells.



rIFN-β Suppresses IL-1β Expression by CNS-Infiltrated Monocytes

We next characterized pro-IL-1β-expressing cells from mice with EAE by flow cytometry. We found pro-IL-1β+ cells in the CNS, but not in the LN and spleen (data not shown). t-distributed Stochastic Neighbor Embedding (t-SNE) analysis and Phenograph unbiased clustering identified 7 populations among cells obtained from the CNS at EAE peak. Monocytes (CD11b+Ly6ChiLy6G-CD45hi) were the predominant IL-1β+ population, followed by DCs (CD11c+MHCII+CD45hi) and microglia (CD11b+CD45int) (Figures 7A–C). We next tested whether rIFN-β treatment affects IL-1β expression by cells in the CNS of mice with EAE and found that treated mice had fewer IL-1β+ monocytes at EAE peak. (Figure 7D). It has been shown that rIFN-β suppresses MHC-II expression by APCs and limits Ag-presentation to Th cells (9); however; we did not find a significant decrease in MHC-II expression by myeloid cells from the CNS of mice with EAE (Supplementary Figure 6A). We also tested the role of endogenous IFN-β in regulation of IL-1β expression by CNS monocytes of WT and Ifnar1-/- mice with EAE. Consistent with the effect of rIFN-β treatment, WT mice had fewer IL-1β+ monocytes than Ifnar1-/- mice (Figure 7E). These data demonstrate that endogenously produced type I IFNs reduce expression of IL-1β by monocytes in the CNS of mice with EAE, and that treatment with rIFN-β further reduces its expression.




Figure 7 | rIFN-β suppresses pro-IL-1β expression by the CNS monocytes. WT mice (n=5) were immunized for EAE induction, sacrificed at disease peak (day 15 p.i.), and mononuclear cells from the CNS analyzed by flow cytometry. (A) t-SNE plot showing seven populations of cells from CNS that were generated by PhenoGraph unbiased clustering. (B) Proportions (%) of CNS cell populations expressing pro-IL-1β. (C) Total numbers of pro-IL-1β-expressing cells from the CNS. (D) WT mice (n=4 per group) were immunized for EAE induction and treated daily with PBS or rIFN-β. Mice were sacrificed at disease peak (day 15 p.i.) and monocytes from the CNS analyzed by flow cytometry for pro-IL-1β expression. Representative flow cytometry dot plots showing MHC-II and pro-IL-1β expression by monocytes in the CNS of mice with EAE. Proportions (%) and total numbers of pro-IL-1β+ monocytes in the CNS of mice with EAE. (E) WT and Ifnar1-/- mice (n=5 per group) were immunized for EAE induction, sacrificed at disease peak (day 15 p.i.), and monocytes from the CNS analyzed by flow cytometry for pro-IL-1β expression. Proportions (%) of pro-IL-1β+ monocytes from the CNS of mice with EAE are shown. (F) Splenic WT and Csf2-/- naïve CD4+ T cells were co-cultured with WT APCs, activated with anti-CD3/28 Abs, and GM-CSF concentrations in cell culture supernatants measured by ELISA after 72 h of culturing. (G) WT and Csf2-/- mice (n=5 per group) were immunized for EAE induction, sacrificed at disease peak (day 15 p.i.), and CNS infiltrated monocytes analyzed by flow cytometry for pro-IL-1β expression. Representative flow cytometry dot plots showing MHC-II and pro-IL-1β expression. Proportions (%) and total number of pro-IL-1β+ monocytes. Il1b expression by mononuclear cells from CNS of mice with EAE was determined by RT-PCR. (H) Splenic naïve CD4+ T cells were co-cultured with APCs and activated with anti-CD3/28 Abs with or without addition of GM-CSF (20 ng/ml) and rIFN-β. GM-CSF concentrations in cell culture supernatants were measured by ELISA after 72 h of culturing. These experiments were conducted three times with similar outcomes. Data shown are mean ± SEM. P-values were calculated using unpaired Student’s t-test in (D–G), and one-way ANOVA with Bonferroni’s multiple comparisons test in (H); *p < 0.05**p < 0.01, ***p < 0.001.



It has been shown that the encephalitogenic role of GM-CSF is due to its effects on monocytes (6), and we show here that they are the major source of IL-1β in the CNS of mice with EAE (Figures 7A–C). To determine to what extent GM-CSF production by Th cells impacts IL-1β secretion by myeloid cells, we co-cultured WT and Csf2-/- CD4+ T cells with WT CD11b+ cells. We found much lower IL-1β concentrations in media from co-cultures with Csf2-/- Th cells (Figure 7F). We then determined the role of GM-CSF in IL-1β expression in mice with EAE. As previously described (26), Csf2-/- mice developed mild clinical EAE, with fewer immune cells in the CNS than in WT mice. Csf2-/- mice had reduced frequencies and total numbers of IL-1β+ monocyte-derived cells in their CNS compared with WT mice, as well as diminished IL-1β expression by monocyte-derived cells (Figure 7G).

To determine if rIFN-β suppresses IL-1β production by myeloid cells via suppression of GM-CSF expression by Th cells, we added GM-CSF to the co-culture of WT CD4+ T cells and CD11b+ cells. Exogenous GM-CSF facilitated IL-1β production, but rIFN-β still efficiently suppressed it (Figure 7H). We also tested whether rIFN-β suppresses IL-1β production via IL-10 or IL-27 and found that these cytokines are disposable for the suppression (Supplementary Figures 6B, C). These data show that rIFN-β suppresses IL-1β secretion by myeloid cells via reduction in GM-CSF production by Th cells, and by an additional mechanism independent of IL-10 and IL-27.



rIFN-β Suppresses IL-1β Expression in Myeloid Cells via Inhibition of GM-CSF/TNF/FASL Expression by Th Cells

A recent study has shown that Th cells induce IL-1β production in BM-derived DCs (BMDCs) via TNF and FASL (a role of GM-CSF was not tested); FASL/FAS signaling activated caspase-8, which cleaved pro-IL-1β induced by TNF (46). We first confirmed these findings by co-culturing naïve CD4+ T cells and CD11b cells in the presence of caspase-8 inhibitor IETD. Blocking caspase-8 suppressed IL-1β production by myeloid cells (Figure 8A), while lack of caspase-1 had a modest effect, and rIFN-β suppressed IL-1β production independently of caspase-1 (Figure 8B). We also compared the effect of GM-CSF, TNF and FASL on IL-1β production by myeloid cells. Blocking FASL abrogated IL-1β production by myeloid cells, whereas blocking TNF or GM-CSF had partial inhibitory effects (Figure 8B), and simultaneous blocking of GM-CSF and TNF also abrogated IL-1β production (Supplementary Figure 6D). These results indicate that GM-CSF, TNF and FASL are the major Th cell-derived stimuli for induction of IL-1β production by myeloid cells.




Figure 8 | rIFN-β suppresses IL-1β expression in myeloid cells via inhibition of FASL expression by Th cells. Splenic naïve CD4+ T cells and CD11b+ cells were activated with anti-CD3/28 Abs with addition of caspase-8 inhibitor or DMSO into culturing media. (A) IL-1β concentrations in cell culture supernatants measured by ELISA after 72 h of culturing. (B) Splenic WT naïve CD4+ T cells were co-cultured with WT or Casp1-/- CD11b+ cells and activated with anti-CD3/28 Abs, with or without addition of anti-TNF, anti-GM-CSF, anti-FASL Abs or rIFN-β into culturing media. IL-1β concentrations in cell culture supernatants were measured by ELISA after 72 h of culturing. (C) Splenic naïve CD4+ T cells and CD11b+ cells were co-cultured and activated with anti-CD3/28 Abs with or without addition of rIFN-β into culturing media. TNF concentrations in cell culture supernatants were measured by ELISA after 72 h of culturing. (D) Representative flow cytometry dot plots showing FASL expression by CD4+ T cells in (C) Proportions (%) of FASL+CD4+ T cells in (C, E) Splenic naïve CD4+ T cells from WT or CD4-dnTGFBRII mice were co-cultured with WT CD11b+ cells activated with anti-CD3/28 Abs, with or without addition of rIFN-β into culturing media. Proportions (%) of FASL+CD4+ T cells were analyzed by flow cytometry. (F) Representative flow cytometry dot plots showing GM-CSF and TNF expression by WT CD4+ and CD4-dnTGFBRII T cells in (E) Bar graph showing proportions (%) of GM-CSF+TNF+CD4+ T cells by WT CD4+ and CD4-dnTGFBRII T cells in (E) These experiments were conducted two (A, B, E, F) and three times (C, D) with similar outcomes. Data shown are mean ± SEM. P-values were calculated using unpaired Student’s t-test; *p < 0.05, ***p < 0.001.



We have already shown that rIFN-β suppresses GM-CSF production by Th cells, and we next tested whether rIFN-β also suppresses TNF and FASL expression by Th cells. rIFN-β strongly suppressed both TNF secretion (Figure 8C) and FASL expression (Figure 8D) by Th cells in co-culture with CD11b+ cells. Among the cytokines that regulate FASL expression, TGF-β signaling in Th cells was required to suppress FASL expression by rIFN-β (Figure 8E), as well as to suppress GM-CSF and TNF expression (Figure 8F). In contrast, immunomodulatory molecules such as IL-10 and PD-L1 were not required for inhibitory effect of rIFN-β on FASL expression by Th cells (Supplementary Figure 6E). These results show that rIFN-β suppresses IL-1β production by myeloid cells by inhibiting the expression of GM-CSF, TNF and FASL expression by Th cells in a TGF-β-dependent manner.




Discussion

Injectable rIFN-β is the first FDA-approved disease-modifying therapy for relapsing-remitting MS; however, the mechanism of its action is not well understood. Existent findings support the possibility that an important mechanism underlying the beneficial effects of rIFN-β in autoimmune neuroinflammation could be inhibition of GM-CSF production by Th cells. Here, we have expanded upon previous findings by elucidating this inhibitory mechanism in EAE.

It has been shown that IFNAR1 signaling in myeloid cells, triggered by endogenous IFNs, reduces EAE severity and lethality (9). We confirmed this observation, and extend it by identifying monocytes as a myeloid cell subset relevant to the beneficial effects of rIFN-β therapy in EAE. Our data showing that the effects of rIFN-β on GM-CSF production by Th cells is indirect, via myeloid cells, is also consistent with a previous finding that IFNAR1 signaling in lymphocytes is irrelevant for the role of endogenous type-I IFNs in EAE (9). rIFN-β treatment induced IL-10 expression by monocytes, macrophages, DCs, and Th cells in the CNS of mice with EAE, and IL-10 was required for suppressive effects of rIFN-β. Even though it is widely accepted that rIFN-β-induced IL-10 mediates the suppressive effect of rIFN-β in EAE (and MS), to the best of our knowledge, our data shown here directly validate this assumption for the first time. Given that rIFN-β induces IL-27 expression in APCs activated with TLR agonist (43, 47, 48), and that IL-27 potently induces IL-10 expression and suppresses GM-CSF production by Th cells (49–51), it has been inferred that rIFN-β induces IL-10 expression via IL-27, and that rIFN-β therapy relies on IFN-β/IL-27/IL-10 axis (43, 47, 48). However, our findings refute this widely held assumption, because rIFN-β induced IL-10 production independently of IL-27, and, most important, rIFN-β treatment suppressed EAE in the absence of IL-27 signaling, as we have previously shown (47). In addition, rIFN-β suppressed GM-CSF expression by Th cells independently of IL-27. Our findings clearly show that IL-27 is not an important mediator in rIFN-β therapy in EAE, and possibly not in MS.

Recent characterization of monocytes from the CNS of mice with EAE revealed a new subset with high expression of type-I IFN-related genes, but the role of these monocytes has not been elucidated (52). We show that in the CNS of mice with EAE, rIFN-β treatment induces similar monocyte subset with pDC-like phenotype, expressing IFN-β, type-I IFN-related genes, PDCA-1, and Siglec-H. pDCs are known as the major source of IFN-β, but monocytes/macrophages can also produce IFN-β during viral infections and in EAE (53–56). Given that pDCs have an immunoregulatory role in EAE (57, 58), it is likely that pDC-like monocytes induced by rIFN-β have similar anti-inflammatory traits that contribute to EAE suppression. It has been shown that during chronic infection, IFN-α/β from macrophages and DCs induced IL-10 production in them to suppress T cell response (59, 60). It is therefore tempting to speculate that rIFN-β boosts production of IFN-β by monocytes to enhance secretion of IL-10, and amplify other immunoregulatory mechanisms as well. It remains to be elucidated to what extent endogenous IFN-β production contributes to disease suppression by the treatment with rIFN-β.

IL-1β, which is required for EAE development (45), was initially associated with the development of Th17 cells (61), but more recent studies emphasize its role in promoting GM-CSF expression by Th cells (26, 28). Our results confirmed that IL-1β signaling is not necessary for Th17 development, but rather for GM-CSF expression by Th cells. Even though IL-1β has a strong GM-CSF-inducing effect, GM-CSF expression by Th cells was not abrogated without IL-1β signaling, indicating that other cytokines, such as IL-2, IL-7, and IL-23 (28), also induce GM-CSF expression. The relationship between IL-1β and GM-CSF is reciprocal, as GM-CSF induces IL-1β expression in myeloid cells and the lack of GM-CSF drastically reduces IL-1β expression by monocytes in the CNS of mice with EAE. Hence, IL-1β and GM-CSF form a positive feed-back loop between APCs and Th cells that potentiates their effector functions in inflammation. Myeloid cells can secrete IL-1β through at least two pathways. During infection, activation of PRRs leads to cleavage of pro-IL-1β by inflammasome component NLRP3 and caspase-1 (62). In contrast, Th cell-induced cleavage of pro-IL-1β in myeloid cells relies on activation of caspase-8, independent of inflammasome. In this pathway, TNF from Th cells induces expression of pro-IL-1β in myeloid cells, and simultaneous engagement of FASL/FAS between Th cells and myeloid cells activates caspase-8 to cleave pro-IL-1β and secrete bioactive IL-1β (46). We confirmed that Th cells induce IL-1β expression by myeloid cells by TNF and FASL, but, we also identified GM-CSF as an additional important inducer of caspase-8/IL-1β pathway. Hence, a complete pathway encompasses GM-CSF/TNF/FASL expressed by Th cells. This view is supported by findings that mice lacking TNF signaling develop only mild EAE (63–65), and that mice lacking GM-CSF or FAS/FASL signaling are resistant to EAE (16, 66, 67).

IFN-β acted on myeloid cells to induce IL-10 and TGF-β production. IL-10 acted on Th cells to suppress their GM-CSF production, but did not affect FASL and IL-1β expression by myeloid cells. This is in contrast to the previous report that PRR-activated myeloid cells upregulate IL-10 in response to rIFN-β, and that IL-10 in an autocrine manner suppresses IL-1β production (62). The difference in findings could be due to dissimilar experimental designs, as we relied on T cell activation of myeloid cells. Moreover, TGF-β signaling in Th cells was required for suppression of their FASL, GM-CSF and TNF expression upon treatment of Th cell-APC co-cultures with rIFN-β. Given that myeloid cells lacking TGF-β signaling are not readily available, and that mice lacking TGF-β signaling in CD4+ T cells are resistant to EAE (68), it remains to be determined if TGF-β signaling in myeloid cells contributes to the suppression of their IL-1β production, and if TGF-β plays a role in the effects of rIFN-β in EAE.

It has been shown that rIFN-β induces PD-L1 expression by human monocytes in vitro, and that MS patients treated with rIFN-β have increased levels of PD-L1 mRNA (69). Given that PD-L1 strongly inhibits activation, proliferation and cytokine secretion of CD4+ T cells, it is possible that an important mechanism of EAE suppression by rIFN-β relies on induction of PD-L1 expression by monocytes. Another study found that rIFN-β therapy results in upregulation of both co-stimulatory and regulatory molecules (including PD-L1) on monocytes of MS patients, but upregulation of PD-L2, not of PD-L1, correlated with beneficial outcomes of rIFN-β therapy (70). Similar upregulation of PD-L1 upon rIFN-β treatment has been observed in other studies with MS patients and mice with EAE (71, 72), but its functional relevance in disease suppression remains to be determined. We tested a role of PD-L1 in the suppressive effect of rIFN-β on FASL expression by Th cells in vitro, but rIFN-β suppressed FASL expression by Th cells independent of PD-L1 expression by myeloid cells. This, however, does not exclude a possibility that rIFN-β-induced PD-L1 suppresses EAE via other pathway(s).

In summary, we show that rIFN-β suppresses CNS inflammation by acting on monocytes to induce an anti-inflammatory phenotype in them. These monocytes ameliorate CNS inflammation by producing IL-10 and possibly TGF-β to suppress the encephalitogenic features of Th cells, namely their GM-CSF, TNF, and FASL expression, resulting in inhibition of a proinflammatory feedback loop between Th cells and APCs (Supplementary Figure 7).
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