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Differentiation of Pathogenic Th17 Cells Is Negatively Regulated by Let-7 MicroRNAs in a Mouse Model of Multiple Sclerosis












	
	ORIGINAL RESEARCH
published: 17 January 2020
doi: 10.3389/fimmu.2019.03125






[image: image2]

Differentiation of Pathogenic Th17 Cells Is Negatively Regulated by Let-7 MicroRNAs in a Mouse Model of Multiple Sclerosis

Constance C. Angelou1, Alexandria C. Wells1, Jyothi Vijayaraghavan1, Carey E. Dougan2, Rebecca Lawlor1, Elizabeth Iverson1, Vanja Lazarevic3, Motoko Y. Kimura4, Shelly R. Peyton2, Lisa M. Minter1, Barbara A. Osborne1, Elena L. Pobezinskaya1* and Leonid A. Pobezinsky1*


1Department of Veterinary and Animal Sciences, University of Massachusetts, Amherst, MA, United States

2Department of Chemical Engineering, University of Massachusetts, Amherst, MA, United States

3Experimental Immunology Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD, United States

4Department of Immunology, Graduate School of Medicine, Chiba University, Chiba, Japan

Edited by:
Francisco Sanchez-Madrid, Autonomous University of Madrid, Spain

Reviewed by:
Pilar Martín, Spanish National Centre for Cardiovascular Research, Spain
 Bhalchandra Mirlekar, University of North Carolina at Chapel Hill, United States

*Correspondence: Elena L. Pobezinskaya, pobezinskaya@umass.edu
 Leonid A. Pobezinsky, lpobezinsky@umass.edu

Specialty section: This article was submitted to T Cell Biology, a section of the journal Frontiers in Immunology

Received: 24 July 2019
 Accepted: 23 December 2019
 Published: 17 January 2020

Citation: Angelou CC, Wells AC, Vijayaraghavan J, Dougan CE, Lawlor R, Iverson E, Lazarevic V, Kimura MY, Peyton SR, Minter LM, Osborne BA, Pobezinskaya EL and Pobezinsky LA (2020) Differentiation of Pathogenic Th17 Cells Is Negatively Regulated by Let-7 MicroRNAs in a Mouse Model of Multiple Sclerosis. Front. Immunol. 10:3125. doi: 10.3389/fimmu.2019.03125



Multiple sclerosis (MS) is a disabling demyelinating autoimmune disorder of the central nervous system (CNS) which is driven by IL-23- and IL-1β-induced autoreactive Th17 cells that traffic to the CNS and secrete proinflammatory cytokines. Th17 pathogenicity in MS has been correlated with the dysregulation of microRNA (miRNA) expression, and specific miRNAs have been shown to promote the pathogenic Th17 phenotype. In the present study, we demonstrate, using the animal model of MS, experimental autoimmune encephalomyelitis (EAE), that let-7 miRNAs confer protection against EAE by negatively regulating the proliferation, differentiation and chemokine-mediated migration of pathogenic Th17 cells to the CNS. Specifically, we found that let-7 miRNAs may directly target the cytokine receptors Il1r1 and Il23r, as well as the chemokine receptors Ccr2 and Ccr5. Therefore, our results identify a novel regulatory role for let-7 miRNAs in pathogenic Th17 differentiation during EAE development, suggesting a promising therapeutic application for disease treatment.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) that affects ~2.5 million people worldwide, with a strong predominance in women (1). The animal model of neuroinflammation, experimental autoimmune encephalomyelitis (EAE), recapitulates the pathological and clinical symptoms of MS and has been extensively used to study this disorder (2). In both MS and EAE, autoreactive CD4+ type-17 helper T (Th17) cells that are generated by exposure to IL-23 and IL-1β (3–5) migrate to the CNS and cross the blood-brain barrier by following gradients of chemokines secreted by CNS-resident innate lymphoid cells (6). The transcription factor Bhlhe40, which is induced in encephalitogenic Th17 by IL-1β signaling, positively regulates the secretion of granulocyte-macrophage colony-stimulating factor (GM-CSF) (7–9). GM-CSF is a proinflammatory cytokine essential for disease induction as it promotes the activation, differentiation, and recruitment of monocytes and dendritic cells to the CNS, as well as the mobilization of the local microglia (5, 10–14). In turn, GM-CSF-stimulated glial and dendritic cells secrete IL-6 and IL-23, thereby reinforcing the differentiation and maintenance of pathogenic Th17 cells (15). Inflammatory myeloid cells produce reactive oxygen species and cytokines that cause neuron demyelination and axonal damage, which leads to the disruption of neuronal signaling, eventually resulting in disabling physical symptoms, including progressive loss of motor function, which reflect the extent of neurodegeneration (1).

About a third of the total risk factors for MS development can be attributed to genetic variation, and genome-wide association studies have identified more than 100 different genetic variants associated with MS and related autoimmune disorders (16–19). Many of these susceptibility factors consist of variants of genes which are involved in Th17 pathways and contain single nucleotide polymorphisms within the untranslated regions (UTRs) of their messenger RNA (mRNA). Given that UTR sequences are targeted by factors controlling mRNA translation and stability (20), the post-transcriptional dysregulation of these genes may be responsible for the aberrant cytokine responsiveness and effector function observed in autoreactive Th17 cells.

MicroRNA (miRNA)-mediated RNA interference is one of the most well-studied post-transcriptional mechanisms that potently regulates gene expression. MiRNAs are short non-coding RNAs that bind target mRNAs in a sequence-specific manner to inhibit translation by inducing target mRNA degradation or ribosome stalling (21). It has been estimated that miRNAs control the expression of approximately one third of the total human gene pool, including genes involved in immune cell differentiation. In fact, altered miRNA expression has been shown in encephalitogenic Th17 cells from active MS lesions, and specific upregulated miRNAs, such as miR-155 and miR-326, were demonstrated to promote the pathogenic Th17 phenotype (22–25).

The lethal-7 (let-7) family of miRNAs comprises multiple members and is highly represented in lymphocytes (26). As such, many lymphocyte subsets have been shown to be dependent on let-7 miRNAs for their development, homeostasis, and differentiation. For instance, the upregulation of let-7 miRNAs during natural killer T (NKT) cell development in the thymus is necessary for the differentiation of IFNγ-producing effectors (27). In the periphery, let-7 miRNA expression is required for the survival and maintenance of the quiescent phenotype in naïve T cells (28, 29). During lymphocyte activation, let-7 miRNAs have been shown to inhibit the metabolic reprogramming of both B cells and CD8+ T cells by negatively regulating the expression of the transcription factor c-Myc and the enzyme hexokinase 2 (28, 30). Moreover, let-7 miRNAs have been shown to play a regulatory role in CD8+ cytotoxic T lymphocyte (CTL) function by directly targeting the transcription factor Eomesodermin, as well as in CD4+ helper T cell responses during HIV infection and airway inflammation by regulating the expression of the cytokines IL-10 and IL-13, respectively (28, 31–33). One study also proposed a regulatory role for let-7f expression in Th17 cell function in women with severe asthma, which was controlled by ovarian sex hormone levels (34). In addition, the exosome-mediated transfer of let-7 miRNAs to various immune cells has been proposed as a suppressive mechanism used by regulatory T (Treg) cells, and has also been reported to inhibit the generation and function of Treg cells (35, 36). Yet, the precise contribution of let-7 miRNAs in MS pathogenesis and autoreactive Th17 cell differentiation has been controversial (25). Disease-promoting roles have been proposed for specific let-7 miRNA family members (23, 36, 37), but other reports have suggested that let-7 miRNA expression may confer protection against MS (38, 39).

Here, we investigate the role of let-7 miRNAs in the generation of pathogenic Th17 cells. We demonstrate that the differentiation of Th17 cells in EAE requires the downregulation of let-7 miRNAs in naïve CD4+ T cells upon antigen stimulation. Specifically, we found that high let-7 miRNA expression in activated CD4+ T cells prevents EAE development by inhibiting the clonal expansion, IL23R/IL-1R1-dependent acquisition of pathogenic function, and CCR2/CCR5-dependent chemokine-mediated migration of Th17 cells to the CNS, while depletion of let-7 miRNAs enhances Th17 cell pathogenicity and aggravates EAE. Therefore, let-7 miRNA delivery to pathogenic Th17 cells may be a promising therapeutic strategy for the treatment of autoimmune diseases such as MS.



RESULTS


Let-7 Expression in CD4+ T Cells Inhibits EAE Development

The role of let-7 miRNAs in the differentiation of pathogenic CD4+ T cells remains unclear (23, 25, 36–39). Previously, we have shown that let-7 miRNA expression in CD8+ T cells prevents the differentiation of CTLs and must be downregulated during antigen stimulation (28). Here, we found that, similarly to CD8+ T cells, naïve CD4+ T cells expressed high levels of let-7, which were rapidly downregulated upon activation, proportionally to both the duration (Figure S1A) and strength of TCR stimulation (Figure S1B). Based on these observations, we hypothesized that let-7 miRNAs inhibit the differentiation of CD4+ T cells and may therefore compromise the generation of pathogenic Th17 cells and suppress the development of autoimmune disorders.

To test our hypothesis in vivo, we acquired mice with a doxycycline-inducible let-7g transgene (Let-7Tg) in order to maintain high let-7g expression in activated CD4+ T cells (40). We used EAE susceptibility as a readout of CD4+ T cell differentiation in doxycycline- or vehicle-treated Let-7Tg and WT control mice immunized with the peptide antigen myelin oligodendrocyte glycoprotein, residues 35–55 (MOG35−55), in complete Freund's adjuvant (CFA). Only doxycycline-treated Let-7Tg mice developed a significantly milder disease in comparison to control mice (Figure 1A). Strikingly, the number of mononuclear cells (Figure 1B) and CD4+ T lymphocytes (Figure 1C) that infiltrated the CNS was strongly diminished in these mice. Overall, the frequencies and numbers of cytokine-producing CD4+ T cells were greatly reduced in the CNS of doxycycline-treated Let-7Tg mice (Figure 1D). In addition, in vitro MOG35−55-restimulated splenocytes from the same mice secreted less IL-17, IFNγ, and GM-CSF in comparison to that of control mice (Figure S1C). We obtained similar results using WT and Let-7Tg mice on a 2D2 RAG2-deficient (2D2Rag2KO) background, in which all CD4+ T cells express the 2D2 transgenic T cell receptor that recognizes the MOG35−55 peptide (41) (Figure S2). To assess whether the absence of let-7 miRNAs in CD4+ T cells leads to aggravated EAE, we used Lin28 transgenic mice (Lin28Tg) with T-cell specific ectopic overexpression of the fetal protein LIN28B that blocks let-7 miRNA biogenesis (27, 42–44). 2D2Rag2KO Lin28Tg mice developed stronger symptoms of EAE, where the phenotype of cytokine-producing pathogenic CD4+ T cells was enhanced even though T cell infiltration into the CNS was unchanged in comparison to controls (Figure S2), suggesting that let-7 miRNAs inhibit EAE development.
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FIGURE 1. Downregulation of let-7 miRNAs upon activation is required for CD4+ T cell pathogenicity in EAE. (A) Mean clinical scores in vehicle- (no dox) treated wild-type (WT) (n = 3) and Let-7Tg (n = 4) mice or doxycycline- (+ dox) treated WT (n = 7) and Let-7Tg (n = 7) mice immunized with MOG35−55 in complete Freund's adjuvant (CFA) and pertussis toxin (60 ng). (B) Number of total mononuclear cells at the peak of the disease (day 9–15 post-immunization) in the CNS of vehicle- (no dox) or doxycycline- (+ dox) treated WT vs. Let-7Tg mice. (C) Number of CNS-infiltrated CD4+ T cells at the peak of the disease (day 9–15 post-immunization) in vehicle- (no dox) or doxycycline- (+ dox) treated WT vs. Let-7Tg mice as analyzed by flow cytometry. (D) Intracellular staining of CD4+ T cells from the CNS of vehicle- (no dox) or doxycycline- (+ dox) treated WT vs. Let-7Tg mice (left). Numbers indicate the frequencies of cytokine-positive cells within the indicated gates. Quantification of the numbers of cytokine-positive cells as assessed by flow cytometry for each staining strategy (right). *p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 (A–D), employing two-way ANOVA (A) or compared with WT using two-tailed Student's t-test (B–D). Data are from two combined independent experiments (A–C; mean ± S.E.M. of each population from all mice), or from one experiment representative of two independent experiments (D; mean ± S.E.M. of each population from all mice).


To determine whether the let-7 miRNA-mediated protection against EAE is CD4+ T cell-intrinsic, we adoptively transferred naïve 2D2Rag2KO CD4+ T cells from Let-7Tg, Lin28Tg and control mice, into Rag2KO recipient mice that were subsequently immunized with MOG35−55 in CFA. At day 9 post-EAE induction, disease outcome (Figure 2A), CNS infiltration (Figure 2B), as well as frequencies and numbers of cytokine-producing donor 2D2Rag2KO CD4+ T cells that had differentiated into pathogenic CD4+ T cells (Figures 2C,D) recapitulated the results from our previous EAE experiments (Figure 1 and Figure S2). These results demonstrate that let-7 abolishes the development of EAE in a CD4+ T cell-intrinsic manner.
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FIGURE 2. Let-7 miRNAs negatively regulate CD4+ T cell pathogenicity in a cell-intrinsic manner in EAE. (A) Mean clinical scores in Rag2KO recipient mice that received 2D2Rag2KO WT (n = 7), 2D2Rag2KO Let-7Tg (n = 7) or 2D2Rag2KO Lin28Tg (n = 8) naïve CD4+ T cells (2–2.5 × 106 cells/recipient) and that were subsequently immunized with MOG35−55 in complete Freund's adjuvant (CFA) and pertussis toxin (60 ng). (B) Number of total mononuclear cells at the peak of the disease (day 9 post-immunization) in the CNS of Rag2KO recipients that received 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg cells. (C) Number of CNS-infiltrated 2D2Rag2KO CD4+ T cells at the peak of the disease (day 9 post-immunization) in Rag2KO recipients transferred with 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg cells as analyzed by flow cytometry. (D) Intracellular staining of donor CD4+ T cells from the CNS of Rag2KO recipients that received 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg cells (left). Numbers indicate the frequencies of cytokine-positive cells within the indicated gates. **p < 0.01, ***p < 0.001, ****p < 0.0001 (A–C), compared with WT employing two-way ANOVA (A) or using two-tailed Student's t-test (B,C). Data are from two combined independent experiments (A–C; mean ± S.E.M. of each population from all mice) or from one experiment representative of two independent experiments (D).


Although Let-7Tg CD4+ T cells were largely absent in the CNS of EAE-induced mice, they were found in the spleen, albeit at lower numbers than control cells (Figure S3). To explain this phenotype, we proposed four potential mechanisms: (1) poor cell survival, (2) reduced proliferation, (3) compromised differentiation, or (4) impaired trafficking.



Let-7 Promotes Survival but Restricts the Proliferation of Activated CD4+ T Lymphocytes

To examine whether let-7 miRNAs negatively regulate the survival of activated CD4+ T cells during EAE, we measured the survival rate of Let-7Tg, Lin28Tg, and WT control CD4+ T cells activated in vitro for 3 days. Interestingly, Let-7Tg cells exhibited better survival than their WT counterparts, while the recovery of Lin28Tg lymphocytes was significantly lower (Figure 3A). In fact, these results are in agreement with our recently published findings in naïve CD4 and CD8 T cells (29), suggesting that let-7 expression also supports the survival of activated CD4+ T cells. Thus, the reduced numbers of CNS-infiltrated Let-7Tg CD4+ T cells recovered during EAE cannot be explained by increased cell death.
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FIGURE 3. Let-7 miRNAs control the proliferation of CD4+ T cells by negatively regulating metabolic reprogramming and cell cycle progression. (A) Survival rate of WT, Let-7Tg and Lin28Tg CD4+ T cells activated in vitro for 3 days with α-CD3 and α-CD28 mAbs (5 μg/mL each) as analyzed by trypan blue exclusion. (B) Proliferation of Cell-Trace Violet-labeled WT, Let-7Tg and Lin28Tg CD4+ T cells activated in vitro for 3 days α-CD3 and α-CD28 mAbs (5 μg/mL each) as analyzed by flow cytometry. Numbers indicate the cell frequencies within the indicated gates for each genotype. (C) Quantitative RT-PCR analysis of the cell cycle regulators, cyclin D2 (Ccnd2), cyclin-dependent kinase 6 (Cdk6), cell division cycle 25a phosphatase (Cdc25a), and ubiquitin-conjugating enzyme E2 Cdc34 (Cdc34) in naïve CD4+ T cells activated with plate-bound α-CD3 and α-CD28 mAbs (5 μg/mL each) for increasing time periods as indicated, presented relative to results obtained for the ribosomal protein Rpl13a (control). (D) Quantitative RT-PCR analysis of the transcription factors Myc (Myc) and AP-4 (Tfap4), as well as Myc direct target genes involved in glycolysis and protein synthesis, glucose transporter 3 (Glut3), hexokinase 2 (Hk2), lactate dehydrogenase A (Ldha), glutamyl-tRNA synthetase (Qars) and tyrosyl-tRNA synthetase (Yars) in naïve CD4+ T cells activated with plate-bound α-CD3 mAbs and α-CD28 mAbs (5 μg/mL each) for 48 h, presented relative to results obtained for the ribosomal protein Rpl13a (control). *p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 (A,C,D), compared with WT using two-tailed Student's t-test. Data are from one experiment representative of at least two independent experiments (A,C,D; mean ± S.E.M. of technical triplicates of each population from all mice) or from two independent experiments (B).


Based on our data in CD8+ T cells (28), we tested whether let-7 miRNAs can suppress CD4+ T cell proliferation. To address this question, Let-7Tg, Lin28Tg, and WT control naïve CD4+ T cells were labeled with CellTrace Violet (CTV) and activated in vitro. We observed that Let-7Tg CD4+ T cells proliferated less than activated control T cells, while Lin28Tg CD4+ T lymphocytes proliferated more (Figure 3B), although this effect was less pronounced than in CD8+ T cells. These findings suggest that let-7 restricts CD4+ T cell proliferation, which, in turn, can contribute to the diminished amount of CNS-infiltrated Let-7Tg CD4+ T cells observed in EAE.

Given that the expansion of Let-7Tg CD4+ T cells was reduced, we investigated whether let-7 inhibits the expression of genes that regulate cell cycle progression and the metabolic switch in antigen-stimulated CD4+ T cells. Similarly to the results observed in CD8+ T cells, activated Let-7Tg CD4+ T cells expressed low levels of cyclin D2 (Ccnd2), cyclin-dependent kinase 6 (Cdk6), phosphatase Cdc25a (Cdc25a), and ubiquitin-conjugating enzyme Cdc34 (Cdc34), as well as the transcription factor Myc and several Myc target genes involved in glycolysis and protein synthesis (Tfap4, Glut3, Hk2, Ldha, Qars, Yars), while in Lin28Tg cells those genes were derepressed (28, 45–47) (Figures 3C,D). These results indicate that let-7 miRNAs may restrain CD4+ T cell proliferation by suppressing the metabolic switch and cell cycle progression. These data also suggest that Lin28Tg CD4+ T cells in the CNS are able to aggravate disease due to their proliferative and metabolic advantage over WT CD4+ T cells, despite a survival defect.



Let-7 Negatively Regulates the Differentiation of Th17 Cells

Alternatively, the low frequency of effector CD4+ T cells in the CNS of Let-7Tg mice during EAE could be due to a defect in Th17 differentiation. Therefore, we tested the ability of let-7 miRNAs to influence the differentiation of pathogenic CD4+ T cells. Naïve 2D2Rag2KO CD4+ T cells with different levels of let-7 expression were polarized in vitro toward the TGFβ-independent pathogenic Th17 lineage in the presence of the cytokines IL-1β, IL-6, and IL-23 (48, 49). We confirmed that while the expression of let-7 miRNAs was downregulated over time in 2D2Rag2KO WT cells (Figure S4A), the expression of let-7g transgene remained high in 2D2Rag2KO Let-7Tg cells before and after differentiation (Figure S4B), and Lin28 expression could only be detected at significant levels in 2D2Rag2KO Lin28Tg cells (Figure S4C). Notably, very few Th17 Let-7Tg cells expressed IL-17 and GM-CSF cytokines as compared to WT controls, whereas Lin28Tg cells had an increased proportion of such cells (Figure 4A). This trend was also observed in the frequencies of IL-17+GM-CSF+ double positive cells, suggested to be the most pathogenic Th17 cells in EAE (11–15). Furthermore, the mRNA expression of Il17a and Csf2 genes correlated with the frequency of IL-17A- and GM-CSF-producing cells (Figure 4B). These results suggest that let-7 expression in CD4+ T lymphocytes prevents the differentiation of pathogenic Th17 cells.
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FIGURE 4. Let-7 miRNAs inhibit the acquisition of pathogenic Th17 phenotype. (A) Intracellular staining of CD4+ T cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice polarized in vitro toward the pathogenic Th17 lineage with IL-6, IL-1β, and IL-23. Numbers indicate the frequencies of cytokine-positive cells within the indicated gates. (B) Quantitative RT-PCR analysis of the cytokines IL-17A (Il17a) and GM-CSF (Csf2), the cytokine receptors IL-1R1 (Il1r1) and IL-23R (Il23r), and the transcription factor Bhlhe40 (Bhlhe40) in in vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice from (A), presented relative to results obtained for the ribosomal protein Rpl13a (control). (C) Diagram positioning in silico-identified let-7 binding sites (black vertical lines) within the mouse and human mRNA sequences of the cytokine receptors IL1-R1 (Il1r1 and IL1R1, respectively) and IL-23R (Il23r and IL-23R, respectively). *p < 0.05, ****p < 0.0001 (B), compared with WT using two-tailed Student's t-test. Data are from one experiment representative of two independent experiments (A) or from two independent experiments (B; mean ± S.E.M. of technical triplicates of each population from all mice).


We noticed that the expression of the cytokine receptors Il1r1 and Il23r, both previously described as essential for the differentiation of pathogenic Th17 cells in EAE (3, 5, 13, 50, 51), was profoundly inhibited in Let-7Tg and derepressed in Lin28Tg pathogenic Th17-polarized cells. Analysis of Il1r1 and Il23r mRNA sequences revealed multiple potential let-7 binding motifs which can be directly targeted by let-7 (Figure 4C). In fact, such regulation was previously proposed for the mRNA of IL23R in human memory CD4+ T cells (52). Interestingly, although miRNA binding sites are most commonly found within the 3' UTRs of mRNAs, some let-7 binding sites were located within the coding sequence of mouse and human Il1r1 and Il23r mRNAs. In addition, we found that the expression of the transcription factor Bhlhe40, shown to be induced by IL-1R signaling (9) and essential for the pathogenicity of Th17 cells in EAE (7, 8), was also compromised in Let-7Tg pathogenic Th17-polarized cells, but enhanced in Lin28Tg lymphocytes (Figure 4B). However, let-7 miRNAs had little or no impact on the expression of other genes controlling the Th17 cell fate, such as Il6ra, Il6st, Stat3, Irf4, and Rorc (Figure S4), despite the fact that Il6ra, Stat3, and Rorc are predicted direct let-7 miRNA targets (53). Thus, these results suggest that let-7 miRNAs negatively regulate the acquisition of pathogenic Th17 phenotype and may act through directly targeting Il1r1 and Il23r transcripts.

Of note, in agreement with previously published reports (31–33) we confirmed that let-7 expression also blocks the differentiation of Th0, Th1, and Th2 cells (Figure S5). Interestingly, there was no obvious effect of let-7 on the generation of iTregs in polyclonal polarization cultures. However, iTreg differentiation was quite substantially inhibited by let-7 in monoclonal 2D2Rag2KO cells (Figure S5). The expression of Ifng, Il4, and Csf2 mRNAs was consistent with the frequencies of IFNγ+, IL-4+ and GM-CSF+ cells in Th0, Th1, and Th2 cultures (Figure S6). The expression of genes encoding lineage-specific cytokine receptors, such as Il12rb2 (Th1) and Il4ra (Th2), as well as lineage-specific transcription factors, including Tbx21 (Th1) and Gata3 (Th2), and the transcription factor Bhlhe40, which has been shown to promote a proinflammatory phenotype in Th1 cells (54), was also repressed in Let-7Tg Th0, Th1, and Th2 cells, but increased in Lin28Tg cells. Thus, these results suggest a broader suppressive role for let-7-miRNAs in the regulation of effector CD4+ T cell differentiation.



Let-7 Prevents the Chemokine-Mediated Migration of Pathogenic Th17 Cells

In addition to reduced proliferation and compromised differentiation, the lower number of effector Let-7Tg CD4+ T cells in the CNS could be due to impaired cell trafficking. Antigen-stimulated T cells upregulate chemokine receptors to sense, migrate, and home to the location of inflammatory sites by following gradients of chemokines (55). Two chemokine receptors, CCR2 and CCR5, have been shown to be critical for the migration of pathogenic T cells to the CNS and subsequently for EAE development (56–59). To determine whether let-7 regulates CCR2 and CCR5 expression, we measured Ccr2 and Ccr5 mRNA levels in in vitro-generated 2D2Rag2KO pathogenic Th17 cells from WT, Let-7Tg and Lin28Tg mice. Surprisingly, the expression of both Ccr2 and Ccr5 was very low in Let-7Tg cells, while in Lin28Tg cells it was enhanced (Figure 5A). Interestingly, we found potential let-7 binding sites within the mRNA of both Ccr2 and Ccr5 (Figure 5B). To test whether these binding sites were functional, we transfected NIH3T3 fibroblasts, which have high endogenous expression of let-7 miRNAs, with dual luciferase vectors containing the wild-type sequence of these binding motifs. An ability for let-7 to bind to both sites in the Ccr2 mRNA, and one site in Ccr5 mRNA was demonstrated by a significant reduction in luciferase activity (Figure 5C). Mutation of these binding sites restored luciferase activity, confirming direct let-7 targeting. To test whether the let-7-mediated suppression of CCR2 and CCR5 expression is sufficient to prevent chemokine-mediated migration of Th17 cells toward their specific ligands, CCL2 and CCL4, chemokine-mediated migration assays were performed. Indeed, 2D2Rag2KO Let-7Tg cells exhibited compromised trafficking in response to both chemokines alone and even in combination, while Lin28Tg cells migrated more efficiently than WT cells (Figure 5D). Although changes in cell motility can contribute to the difference in trafficking of Th17 cells, neither speed nor other intrinsic motility variables (track length, track straightness, and cell displacement) were negatively affected by the expression of let-7 (Figure S7A). To test whether let-7 miRNAs prevent the migration of pathogenic Th17 cells by inhibiting CCR2 and CCR5 expression, we overexpressed Ccr2 or Ccr5 in in vitro-generated 2D2Rag2KO WT and 2D2Rag2KO Let-7Tg pathogenic Th17 cells (Figure S7B) and subjected these cells to chemokine-mediated migration assays. Surprisingly, only overexpression of Ccr5, but not Ccr2, partially rescued the chemotaxis of 2D2Rag2KO Let-7Tg pathogenic Th17 cells toward CCL4, and enhanced the migration of 2D2Rag2KO WT pathogenic Th17 cells (Figure 5E). These results strongly suggest that let-7 miRNAs restrict the CCR5-mediated migration of pathogenic Th17 cells by directly binding to Ccr5 mRNA and inhibiting CCR5 expression. However, additional let-7-mediated regulatory mechanisms are involved in the CCR2-mediated migration of these cells.
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FIGURE 5. Let-7 miRNAs prevent the chemokine-dependent migration of in vitro-generated pathogenic Th17 cells by suppressing the expression of the chemokine receptors CCR2 and CCR5. (A) Quantitative RT-PCR analysis of the chemokine receptors CCR2 (Ccr2) and CCR5 (Ccr5) in in vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice, presented relative to results obtained for the ribosomal protein Rpl13a (control). (B) Diagram positioning in silico-identified conserved (red vertical lines) and non-conserved (black vertical lines) let-7 binding sites within the mouse and human mRNA sequences of the chemokine receptors CCR2 (Ccr2 and CCR2, respectively) and CCR5 (Ccr5 and CCR5, respectively). (C) Luciferase reporter assay of let-7 targeting in-silico-identified let-7-binding sites in mouse Ccr2 or Ccr5 mRNA, in NIH/3T3 cells transfected with a luciferase reporter vector containing either the wild-type or mutated variants of these binding sites, or either the wild-type or a mutated variant of the antisense seed sequence of let-7g (controls). Results are presented as relative luminescence units (RLU), calculated by normalization of Firefly luciferase activity to Renilla luciferase activity (control). (D) Transwell migration assay of in vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice from (A) in response to the chemokines CCL2 (50 ng/mL) and CCL4 (50 ng/mL) alone or in combination (50 ng/mL or 10 ng/mL each). Results are presented as percentage of cell migration in media only control, defined as 100%. (E) Transwell migration assay of in vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT and 2D2Rag2KO Let-7Tg mice, transduced with empty vector (solid bars), Ccr2-overexpression vector (horizontally-striped bars), and Ccr5-overexpression vector (diagonally-striped bars) in response to the chemokines CCL2 (50 ng/mL) and CCL4 (50 ng/mL) alone. Results are presented as percentage of cell migration in media only control, defined as 100%. *p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 (A,C,D,E), compared with WT using two-tailed Student's t-test. Data are from one experiment representative of at least two independent experiments (A,C,D,E; mean ± S.E.M. of technical triplicates).


Altogether, our data show that let-7 miRNAs control the pathogenicity of Th17 cell in EAE by restricting their clonal expansion, inhibiting IL-1R1/IL-23R-dependent differentiation and preventing CCR2/CCR5-mediated migration to the CNS. As such, we propose that let-7 miRNAs may constitute a promising therapeutic target for the treatment of autoimmune diseases such as MS.




DISCUSSION

In the present study, we have identified let-7 miRNAs as critical negative regulators of pathogenic Th17 cell differentiation and EAE development. Specifically, we found that, similarly to CD8+ T cells (28), the expression of let-7 miRNAs in naïve CD4+ T cells is downregulated upon activation, which is essential for the clonal expansion, acquisition of pathogenic Th17 phenotype, and migration to the CNS. We demonstrate that high let-7 miRNA expression in activated CD4+ T cells confers almost complete protection against EAE by preventing CD4+ T cell pathogenicity and infiltration in the CNS, while in the absence of let-7 miRNAs, the development of EAE is exacerbated.

The role of miRNAs in the regulation of T cell differentiation and function has been extensively studied (60). However, despite the growing number of reports describing miRNA dysregulation in MS patients (25), their contribution to MS pathogenesis remains largely unknown. Although let-7 is one of the most highly expressed miRNA families in CD4+ T cells (26) and it has been shown to play regulatory roles in helper T cell responses (31–33, 35, 36), published reports have yielded conflicting conclusions regarding the contribution of let-7 miRNAs to Th17 cell pathogenicity during MS and EAE, and have remained unresolved (25). For example, Junker et al. (23) found an upregulation of let-7c in MS lesions, while Kimura et al. (36) described an increase in exosomal let-7i in MS patients and proposed a disease-promoting role for let-7i. On the other hand, Cox et al. (38) showed a downregulation of let-7d, f, i, and, together with Martinelli-Boneschi et al. (39), let-7g, in peripheral blood samples of MS patients, whereas, Guan et al. (37) reported a decrease in let-7g and let-7i in pathogenic CD4+ T cells in EAE, but at the same time let-7b, c, d, f and especially let-7e, were upregulated. Moreover, overexpression of let-7e in CD4+ T cells led to aggravated EAE, while knockdown of this miRNA attenuated the disease. Our findings are in discordance with Guan et al. (37), since we show that EAE is aggravated upon adoptive transfer of Lin28Tg naïve CD4+ T cells, in which all let-7 members are suppressed, into Rag2KO recipients. These disparities could be due to the use of different mouse models and treatments, as the cited study employed CD44 KO CD4+ T cells and lentivirus-mediated overexpression or silencing of let-7e expression, while we used transgenic mice with specific modulation of let-7 miRNA expression.

Our most striking finding is that let-7 miRNAs keep pathogenic CD4+ T cells from infiltrating the CNS. This effect was not due to a detrimental impact of let-7 miRNAs on the survival of activated CD4+ T cells, as maintenance of high let-7 miRNA expression improved the survival rate of activated CD4+ T cells, while let-7 deficiency caused an increase in cell death, which is consistent with our recently published observations in both naïve CD4+ and CD8+ T cells that let-7 miRNAs promote homeostatic survival through IL-7-independent stabilization of Bcl2 expression (29).

In comparison to CD8+ T cells (28), we observed only an incremental contribution of let-7 to the proliferation of CD4+ T cells, although we found let-7-mediated suppression of Myc and Myc target genes involved in glycolysis and protein synthesis. Furthermore, we demonstrate that let-7 miRNAs inhibit the expression of Cdc25 and Cdc34, both of which are involved in the positive regulation of cell cycle progression and are also documented as direct Myc and let-7 miRNA target genes (45–47). Thus, our results indicate that let-7 miRNAs may regulate cell cycle progression in CD4+ T cells both directly by inhibiting Cdc25a and Cdc34 and indirectly through Myc.

It is well-known that regulatory T cells play an indispensable role in preventing autoimmunity (61). Based on our EAE experiments, it was reasonable to hypothesize that expression of let-7 miRNAs may enhance development or function of Tregs while let-7 deficiency compromises it. Surprisingly, our data show the opposite results, in which let-7 miRNAs inhibited differentiation of monoclonal (2D2Rag2KO) Tregs in vitro. Furthermore, we noticed that despite the fact that Lin28Tg CD4+ T cells have enhanced potentials for differentiation into pathogenic Th17 cells, Lin28Tg mice are healthy and do not demonstrate signs of autoimmunity, suggesting unaltered Treg function in the absence of let-7 miRNAs. Based on these observations we can conclude that let-7 expression does not enhance differentiation or function of these cells. Therefore, in the attempt to understand the observed phenotype, we focused our research on the role let-7 miRNAs in differentiation and function of pathogenic Th17 cells.

We show that let-7 miRNAs prevent the in vitro differentiation of naïve CD4+ T cells toward the pathogenic Th17 lineage, as reflected by the reduced frequencies of IL-17A+, GM-CSF+, and IL-17A+GM-CSF+ cells, and the downregulation of the cytokine genes Il17a and Csf2 (encoding GM-CSF), as well as the cytokine receptor genes Il1r1, and Il23r. Both IL-1R1 and IL-23R signaling play critical roles in Th17 cell differentiation, as mice deficient in either cytokine receptor or their respective ligand are completely resistant to EAE development (4, 50, 51, 62). It was later found that IL-23R signaling, as well as IL-1R1-mediated expression of the transcription factor Bhlhe40, induces the expression of the cytokine GM-CSF, which stimulates peripheral inflammatory macrophages and promotes their migration to the CNS, where they are responsible for demyelination and neuroaxonal damage (5, 9, 13, 14). Both Bhlhe40 and GM-CSF have been shown to be indispensable for EAE induction, since deficiency in either factor confers protection against EAE (7, 8, 10–12), and elevated GM-CSF levels have been correlated with the active phase of MS (63). In addition, two earlier reports proposed a role for specific members of the let-7 family in the regulation of Il23r expression. Specifically, potential let-7f binding sites were identified in IL23R mRNA in human memory CD4+ T cells (52), and loss of let-7e- and let-7f-mediated regulation of a human IL23R gene variant was shown to be associated with inflammatory bowel disease, due to a polymorphism in the 3' UTR of IL-23R mRNA sequence (64). In our study, we found additional let-7 binding sites within the mRNA sequence of Il23r and described the regulatory role of let-7 miRNAs in the context of pathogenic Th17 cell differentiation. Furthermore, we identified potential let-7 binding sites within the mRNA sequence of Il1r1, which has never been suggested to be a direct let-7 miRNA target. Therefore, we propose a novel let-7 miRNA-mediated regulatory mechanism in which let-7 miRNAs prevent both IL-1R1 and IL-23R expression in CD4+ T cells by directly targeting their respective transcripts. Consistent with knock-out studies, CD4+ T cells that do not express these cytokine receptors are unable to receive the necessary signals for the induction of Bhlhe40 and GM-CSF, thereby aborting the differentiation of encephalitogenic Th17 cells and EAE development.

We also tested whether the let-7 miRNA-mediated restriction of CNS infiltration by pathogenic CD4+ T cells in EAE was due to the inhibition of cell migration to the CNS. Despite no difference in intrinsic motility of in vitro-generated pathogenic Th17 cells, we demonstrated, using transwell assays, that let-7 repressed the chemokine-mediated migration of these cells in response to the chemokines CCL2 and CCL4 by suppressing the expression of their cognate receptors CCR2 and CCR5. Although chemokine receptors are normally upregulated in differentiating T cells, enabling them to migrate and home to the location of ongoing immune responses, CCL2 and CCL4 have been detected at high levels in the cerebrospinal fluid, brain tissue, and active lesions of patients with MS, and elevated expression of both chemokine receptors on pathogenic CD4+ T cells has been correlated with the active phase of MS (57, 65, 66). In fact, the role of CCR2 and CCR5 in pathogenic CD4+ T cell trafficking to the CNS in MS has been confirmed in EAE using receptor-deficient mice (56, 59). Although the observed dysregulation of these receptors could be indirectly resulting from the let-7-mediated inhibition of pathogenic Th17 differentiation, we found that the mRNA sequences of both chemokine receptors contain potential let-7 miRNA binding sites. We showed, using luciferase reporter assays, that both sites identified in Ccr2 mRNA, but only one site in Ccr5 mRNA, are functional let-7-binding sites. Furthermore, we showed, in transwell assays using Ccr2- and Ccr5-overexpressing cells, that let-7 can inhibit the CCR5-, but not the CCR2-mediated migration of pathogenic Th17 cells. Therefore, we propose that let-7 miRNAs, in addition to possibly targeting Il1r1 and Il23r transcripts, also inhibit CCR5-mediated chemotaxis by directly targeting Ccr5 mRNA in pathogenic CD4+ T cells. The repression of CCR2-mediated chemotaxis appears to be controlled by unknown let-7-mediated regulatory mechanism(s) and thus is not rescued by just CCR2 overexpression. In accordance with chemokine receptor deficiency studies in EAE, we can conclude that the inability to express the adequate levels of CCR5 suppresses the responsiveness of pathogenic Th17 cells to their respective ligands, thereby preventing their migration to the CNS and EAE induction.

Altogether, our data demonstrate that let-7 miRNAs have a protective effect in EAE rather than a role in promoting disease pathogenesis. Therefore, delivering let-7 miRNAs to pathogenic Th17 cells may be a promising therapeutic strategy for the treatment of MS and related autoimmune diseases.



MATERIALS AND METHODS


Mice

C57BL/6J (WT CD45.2+, stock no. 000664), B6(Cg)-Rag2tm1.1Cgn/J (Rag2KO, stock no. 008449), B6.Cg-Col1a1tm3(tetO−Mirlet7g/Mir21)Gqda/J (let-7g, stock no. 023912) and B6.Cg- Gt(ROSA)26 Sortm1(rtTA*M2)Jae/J (M2rtTA, stock no. 006965) mice were acquired from the Jackson Laboratory. let-7g and M2rtTA mice were bred to generate Let-7Tg mice. Mice with a human CD2 promoter-driven Lin28B transgene (Lin28Tg) (27) were generously provided by Alfred Singer (NCI, NIH) and C57BL/6-Tg(Tcra2D2, Tcrb2D2)1Kuch/J (2D2) mice were a kind gift from BAO. 2D2 mice were crossed on a Rag2KO background to produce 2D2Rag2KO WT mice. Let-7Tg and 2D2 mice were bred on a Rag2KO background to generate 2D2Rag2KO Let-7Tg mice. Lin28Tg and 2D2 mice were crossed on a Rag2KO background to produce 2D2Rag2KO Lin28Tg mice. Control mice used were either littermates or age and sex-matched mice. All breedings were maintained at the University of Massachusetts, Amherst. All experiments were executed according to the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All mice were handled in accordance with reviewed and approved institutional animal care and use committee (IACUC) protocols (#2017-0041, #2017-0053) of the University of Massachusetts.



Doxycycline Treatment for the Induction of Let-7 Transgene Expression

All experimental mice (including controls) were fed with 2 mg/mL doxycycline hyclate (Sigma) and 10 mg/mL sucrose in drinking water that was replaced once over the course of 4 days before the start of experiments in order for maximal let-7g expression. For EAE experiments, doxycycline treatment was maintained throughout disease course analysis, during which doxycycline-containing water was replaced every other day. For in-vitro lymphocyte cultures, lymphocyte culture media (see cell sorting and in-vitro culture below) was complemented with 2 μg/mL doxycycline hyclate.



Cell Sorting and in-vitro Culture

Lymph nodes were collected and gently dissociated using sharp-ended forceps to release lymphocytes. Naïve CD4+CD44loCD25−CD8− T cells were either purified using electronic sorting after removal of B cells from whole-lymphocyte suspensions using α-mouse IgG-coated magnetic beads (BioMAg, Qiagen) or directly isolated from whole-lymphocyte suspensions using the EasySep™ Mouse Naïve CD4+ T Cell Isolation kit (Stem Cell Technologies) according to the manufacturer's instructions. Cells were cultured in RPMI media supplemented with 10% fetal bovine serum, 1% penicillin/streptavidin, 1% L-glutamine, 1% non-essential amino-acids, 1% sodium pyruvate, 1% HEPES and 0.3% β-mercaptoethanol. Culture media was supplemented with 2 μg/mL doxycycline, and 100 μg/mL gentamicin when necessary. Unless otherwise indicated, cells were activated with plate-bound α-CD3 (clone 2C11, 1 or 5 μg/mL) and α-CD28 (clone 37.51, 5 μg/mL).



Induction of EAE and Disease Analysis

EAE was induced by subcutaneous immunization with the MOG35−55 peptide in complete Freund's adjuvant (Hooke Laboratories EK-2110) according to the manufacturer's instructions. Intraperitoneal injection of 60 ng pertussis toxin (Hooke Laboratories BT-0105) was performed 2–4 h and 26–28 h post-immunization. For adoptive-transfer experiments, intravenous injection of 2–2.5 × 106 WT, Let-7Tg or Lin28Tg 2D2Rag2KO naïve CD4+ T cells was performed 12 h prior to immunization with MOG35−55. EAE symptoms were scored according to standard criteria: 0, asymptomatic; 1, limp tail; 2, hindlimb weakness; 3, hindlimb paralysis; 4, complete hindlimb and partial frontlimb paralysis; 5, moribund or death.



Isolation of CNS-Infiltrating Cells

Experimental mice were sacrificed at the peak of EAE and perfused through the left cardiac ventricle with PBS containing 1% fetal bovine serum. Brain and spinal cord tissues were dissociated and digested with 1 mg/mL DNaseI (Roche) and 2.5 mg/mL collagenase D (Roche) for 30 min at 37°C using a gentleMACS dissociator (Miltenyi), filtered through 100-μm mesh strainers and centrifuged through a Percoll density gradient (37 and 70%). Mononuclear cells in the interphase were collected, washed twice with PBS and resuspended in lymphocyte culture media prior to in-vitro restimulation.



Enzyme-Linked Immunosorbent Assay (ELISA)

Spleens from experimental mice were harvested at the peak of EAE and splenocytes were released by gentle organ dissociation using sharp-ended forceps. After erythrocyte lysis, duplicates of 2 × 107 splenocytes from each mouse were restimulated in lymphocyte culture media supplemented with either 2.5, 5, or 10 μg/mL MOG35−55 (Hooke Laboratories DS-0111) in the presence of 2 μg/mL doxycycline hyclate. Cytokine concentrations were measured in supernatants collected from restimulated cells after 5 days in culture. Concentrations of secreted IL-17, GM-CSF, and IFNγ were measured using matching capture and biotinylated detection mAbs (BD Pharmingen) in a sandwich ELISA. HRP-conjugated streptavidin and HRP substrate from the TMB ELISA kit (Pierce) were applied for the quantification of HRP activity at 450 nm using a Synergy™ 2 Multi-Mode Microplate Reader (Biotek).



CTV and CFSE Labeling

Naïve CD4+ T cells were labeled at 1 × 106 cells/mL in PBS containing 2.5 μM CTV or 1 μM CFSE, both obtained from Invitrogen, for 15 min at 37°C. The labeling reaction was stopped by washing the cells with lymphocyte culture media prior to use in experiments.



In-vitro Proliferation Assay

CTV-labeled WT, Let-7Tg, and Lin28Tg cells were activated with plate-bound α-CD3 (clone 2C11, 5 μg/mL) and α-CD28 (clone 37.51, 5 μg/mL). Cells were cultured for 3 days prior to CTV dilution profile analysis by flow cytometry.



In-vitro Differentiation of CD4+ T Cells

Naïve CD4+ T cells (1 × 106) were activated with soluble α-CD3 (clone 2C11, 2 μg/mL) in the presence of irradiated WT splenocytes (5 × 106) and cultured for 5 days in lymphocyte culture media. In some experiments, whole-splenocyte suspensions were depleted of CD4+ and CD8+ T cells using α-mouse CD4 (clone L3T4) and α-mouse CD8 (clone Ly-2) microbeads (Miltenyi) followed by magnetic-activated cell sorting. For pathogenic Th17 differentiation, culture media was further supplemented with 20 ng/mL IL-6 (Miltneyi), 10 ng/mL IL-1β (Miltenyi), 10 ng/mL IL-23 (R&D Systems), 10 μg α-IFNγ mAbs (clone XMG1.2, BioXCell) and 10 μg/mL α-IL-4 mAbs (clone 11B11, BioXCell). For Th0 differentiation, culture media was further supplemented with 200 U/mL IL-2 (Peprotech). For Th1 differentiation, culture media was further supplemented with 200 U/mL IL-2, 10 ng/mL IL-12 (Peprotech) and 10 μg/mL α-IL-4 mAbs (clone 11B11, BioXCell). For Th2 differentiation, culture media was further supplemented with 200 U/mL IL-2, 10 ng/mL IL-4 (Peprotech) and 10 μg/mL α-IFNγ mAbs (clone XMG1.2, BioXCell). For iTreg differentiation, naïve CD4+ T cells were stimulated with 10 μg/mL soluble α-CD3 (clone 2C11, BD Pharmingen) and culture media was further supplemented with 100 U/mL IL-2 and 5 ng/mL TGF-β.



Ccr2 and Ccr5 Overexpression and Retroviral Transduction

The Ccr2 open reading frame (ORF) was obtained from GenScript (plasmid ID OMu22965D) and Ccr5 cDNA was obtained from Dharmacon (clone ID 12774). Ccr2 and Ccr5 ORFs were cloned into the pMRX-IRES-GFP plasmid, containing a green fluorescent protein (GFP) reporter (67). Empty pMRX-IRES-GFP plasmids were used as controls. Retrovirus supernatants were produced by transfecting Platinum-E (Plate-E) retroviral packaging cells (68) using Transporter 5 transfection reagent (Polysciences). Retrovirus supernatants were concentrated 10x in lymphocyte culture media with PEG-it™ virus concentration reagent (System Biosciences) prior to cell transduction. 2D2Rag2KO CD4+ T cells were retrovirally transduced 24 h after activation with 10x-concentrated retrovirus supernatants by spin-infection (660 × g for 90 min at 37°C) in the presence of polybrene (4 μg/mL). Transduction media was replaced with pathogenic Th17-polarizing lymphocyte culture media 4 h after spin-infection. Analysis of transduced cells was performed by gating on the GFP+ cell population.



Flow Cytometry

For analysis of surface markers, live cells were treated with α-CD16/32 Fc block (2.4G2, BD Pharmingen, RRID:AB_394657) prior to staining with antibodies against surface markers for 30 min at 4°C. For intracellular cytokine staining, cell suspensions were restimulated in vitro for a total of 4 h with 50 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma) and 1 μM Ionomycin (Sigma) with addition of 2 μM monensin (eBioscience) in the last 2 h of restimulation to inhibit secretion. After surface marker staining, cells were stained with the Live/Dead fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Before intracellular staining, cells were fixed and permeabilized for 30 min at 4°C using the Cytofix/Cytoperm solution kit (BD Biosciences) for cytokine staining or the Foxp3/ Transcription factor staining buffer set (eBioscience) for transcription factor staining according to the manufacturer's instructions. Samples were acquired on a BD LSR Fortessa flow cytometer (BD Biosciences) and data analysis was performed using FlowJo software (TreeStar).



Antibodies

The following monoclonal antibodies were used for flow cytometry: CD4 (RM4-5, Biolegend, RRID:AB_493374), CD25 (PC61, Biolegend, RRID:AB_312860), FOXP3 (FJK-16S, eBioscience, RRID:AB_465935), GM-CSF (MP1-22E9, Biolegend, RRID:AB_315381), IFNγ (XMG1.2, Biolegend, RRID:AB_315399), IL-4 (11B11, BD Pharmingen, RRID:AB_395391), IL-17A (17B7, eBioscience, RRID:AB_763580).



RNA Isolation and Quantitative RT-PCR

RNA was isolated using the QIAGEN miRNeasy (QIAGEN) or the Total RNA Purification kit (Norgen Biotek) according to the manufacturer's instructions. Genomic DNA was eliminated using the DNA-free DNA removal kit (Invitrogen). cDNA of mRNA-encoded genes was synthesized using the SuperScript III Reverse Transcriptase kit (Invitrogen) or the SensiFast™ cDNA synthesis kit (Bioline). cDNA of miRNAs was synthesized using the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems). SYBR Green or TaqMan quantitative RT-PCR were executed using the SensiFast™SYBR Lo-Rox kit (Bioline) or the SensiFast™ Probe Lo-Rox kit (Bioline), respectively. The list of specific SYBR Green amplification primers (Integrated DNA Technologies), TaqMan gene (Integrated DNA Technologies or Thermo Fisher Scientific) and TaqMan microRNA assays (Thermo Fisher Scientific) used can be found in Table S1. Quantitative RT-PCR data was acquired using a QuantStudio 6 Flex Real-Time PCR system and analyzed using QuantStudio Real-Time PCR software (Applied Biosystems).



In-silico Prediction of Let-7 Binding Sites

Let-7 binding sites were identified by searching for complete or partial continuous matches to the extended let-7 seed sequence “TACTACCTCA” in the complete mRNA sequences of the indicated mouse and human genes, and are available in Table S2. A 6 bp-long perfect match was considered as minimum requirement for a potential binding site. Conservation was assessed according to the retention of the binding site position within corresponding mouse and human mRNA sequences upon optimal GLOBAL pairwise alignment using BioEdit software (Tom Hall, Ibis Therapeutics).



Luciferase Reporter Assays

NIH/3T3 cells (ATCC) were transfected with the pmirGLO vector (Promega) containing either the wild-type in-silico predicted let-7-binding sites within Ccr2 and Ccr5 mouse mRNA, or mutated variants of these binding sites, or either the wild-type or a mutated variant of the antisense seed sequence of let-7g, using Lipofectamine and Plus Reagent (Invitrogen). Firefly luciferase activity was measured 48 h post-transfection and was normalized to Renilla luciferase activity, using the Dual-Luciferase Assay Reporter kit (Promega), on a POLARstar Omega 96-well plate reader (BMG Labtech).



Motility in Collagen Matrices

In vitro-differentiated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice were harvested at day 5, labeled with CFSE, and resuspended in RPMI/10% FBS. PureCol EZ Gel (Advanced BioMatrix) was added to cells in RPMI/10% FBS to obtain a final collagen gel concentration of 1.6 mg/mL with a final cell concentration of 1.25 × 106 cells/mL. Collagen gels were allowed to fully polymerize for 1 h at 37°C prior to imaging the cells for 20 min at 10-s intervals with a modified inverted epi-fluorescence microscope (Axio Observer.Z1, Carl Zeiss). Data was analyzed using Imaris software (Bitplane).



Transwell Assay

In vitro-differentiated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice were harvested at day 5, washed in RPMI/10% FBS and resuspended at 5x106 cells/mL in RPMI/10% FBS. Chemotaxis toward 600 μL control media, Ccl2 and Ccl4 alone (50 ng/mL) or in combination (50 ng/mL or 10 ng/mL each) in the lower chamber of a 24-well plate was assessed by incubating 100 μL cell suspension in the upper chamber of 24-well 6.5 mm transwell inserts with a 5-μm pore polycarbonate membrane (Corning) at 37°C for 3 h. Percent chemotaxis was measured by manually counting the number of cells present in the lower chamber and normalized to cell counts obtained in control media for each condition.



Statistics

Data statistical analysis was performed with Prism 7 (GraphPad software) or RStudio software (RStudio Team). P-values were determined using a two-tailed Student's t-test or a two-way ANOVA, as indicated on the figure legends. A p-value < 0.05 was considered significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure S1. Let-7 miRNAs are highly expressed in naïve CD4+ T cells, but get downregulated upon activation, proportionally to the duration and strength of TCR stimulation. (A) Quantitative RT-PCR analysis of individual let-7 miRNA expression in naïve CD4+ T cells activated with plate-bound α-CD3 mAbs (5 μg/mL) and α-CD28 mAbs (5 μg/mL) for increasing time periods as indicated, presented relative to results obtained for the small nuclear RNA U6 (control) and normalized to the unstimulated (0 h) control. (B) Quantitative RT-PCR analysis of individual let-7 miRNA expression in naïve CD4+ T cells activated for 24 h with plate-bound α-TCR mAbs (as indicated) and α-CD28 mAbs (5 μg/mL), presented relative to results obtained for the small nuclear RNA U6 (control) and normalized to the unstimulated (0 h) control. (C) ELISA analysis of IL-17, IFNγ, and GM-CSF concentration in the supernatants of splenocytes from vehicle- (no dox) or doxycycline- (+ dox) treated WT vs. Let-7Tg mice harvested at the peak of disease (day 9–15 post-immunization) and restimulated for 5 days in vitro with 20 μg/mL MOG35−55. *p < 0.05, ***p < 0.001, ****p < 0.0001 (C), compared with WT using two-tailed Student's t-test (C). Data are from one experiment representative of two independent experiments (A,B; mean ± S.E.M. of technical triplicates) or from one experiment (C; mean ± S.E.M. of technical triplicates of each population from all mice).

Figure S2. Let-7 miRNAs control the development of active EAE by negatively regulating the pathogenicity of monoclonal CD4+ T cells. (A) Mean clinical scores in 2D2Rag2KO WT (n = 4), 2D2Rag2KO Let-7Tg (n = 5) and 2D2Rag2KO Lin28Tg (n = 3) mice immunized with MOG35−55 in complete Freund's adjuvant (CFA) and pertussis toxin (60 ng). (B) Number of total mononuclear cells at the peak of the disease (day 9 post-immunization) in the CNS of 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice. (C) Number of CNS-infiltrated CD4+ T cells at the peak of the disease (day 9–15 post-immunization) in 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice as analyzed by flow cytometry. (D) Intracellular staining of CD4+ T cells from the CNS of 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice (left). Numbers indicate the frequencies of cytokine-positive cells within the indicated gates. *p < 0.05, **p < 0.01; ****p < 0.0001 (A–C), compared with WT employing two-way ANOVA (A) or using two-tailed Student's t-test (B,C). Data are from two combined independent experiments (A–C; mean ± S.E.M. of each population from all mice) or one experiment representative of two independent experiments (D).

Figure S3. Let-7 TG pathogenic CD4+ T cells can be found in the spleen of EAE-induced mice. Quantification of total cell numbers and CD4+ T cell numbers in the spleens of Rag2KO recipient mice that received 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg cells. *p < 0.05 compared with WT employing two-tailed Student's t-test. Data are from one experiment (mean ± S.E.M. of each population from all mice).

Figure S4. let-7 miRNAs also get downregulated over time during pathogenic Th17 differentiation, and do not prevent the expression of several genes that regulate Th17 cell differentiation. (A) Quantitative RT-PCR analysis of individual let-7 miRNA expression in naive 2D2Rag2KO WT CD4+ T cells and during in-vitro-generation of 2D2RagKO WT pathogenic Th17 cells at the indicated time points, presented relative to results obtained for the small nuclear RNA U6 (control), and normalized to results obtained for naive 2D2Rag2KO WT CD4+ T cells. (B) Quantitative RT-PCR analysis of individual let-7 miRNA expression in naive CD4+ T cells and day-5 in-vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice, presented relative to results obtained for the small nuclear RNA U6 (control), and normalized to results obtained for naive 2D2Rag2KO WT CD4+ T cells. (C) Quantitative RT-PCR analysis of Lin28a and Lin28b in naive 2D2Rag2KO WT and 2D2Rag2KO Lin28Tg CD4+ T cells, as well as during in-vitro-generation of 2D2RagKO WT pathogenic Th17 cells at the indicated time points presented relative to results obtained for the small nuclear RNA U6 (control), and normalized to results obtained for naive 2D2Rag2KO WT CD4+ T cells. (D) Quantitative RT-PCR analysis of the IL-6 cytokine receptor components IL-6Rα (Il6ra) and IL-6ST (Il6st), and the transcription factors STAT3 (Stat3), IRF4 (Irf4), and RORγt (Rorc) in in vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice. *p < 0.05, ***p < 0.001, ****p < 0.0001, compared with WT using two-tailed Student's t-test (D). Data are from one experiment representative of at least two experiments (A–D; mean ± S.E.M. of technical replicates).

Figure S5. let-7 miRNAs inhibit the differentiation of several helper T cell subsets generated from both polyclonal and monoclonal naïve CD4+ T cells in vitro. Intracellular staining of CD4+ T cells from polyclonal (A) or monoclonal 2D2Rag2KO (B) WT, Let-7Tg and Lin28Tg mice polarized in vitro toward the Th0, Th1, Th2, and iTreg lineages. Numbers indicate the frequencies of cytokine-positive cells within the indicated gates. Data are from one experiment representative of seven (A) or six (B) independent experiments.

Figure S6. let-7 miRNAs negatively regulate the expression of genes controlling the differentiation of Th0, Th1, and Th2 cells generated in vitro. Quantitative RT-PCR analysis of the cytokines IFNγ (Ifng), GM-CSF (Csf2), and IL-4 (Il4), the cytokine receptors IL12Rβ2 (Il12rb2) and IL4Rα (Il4ra), as well as the transcription factors T-bet (Tbx21), Bhlhe40 (Bhlhe40), and GATA3 (Gata3) in naïve CD4+ T cells and in vitro-generated Th0, Th1, and Th2 cells from WT, Let-7Tg, and Lin28Tg mice, presented relative to results obtained for the ribosomal protein Rpl13a (control). *p < 0.05, **p < 0.01; ***p < 0.001, ****p < 0.0001 compared with WT using two-tailed Student's t-test. Data are from one experiment representative of two independent experiments (mean ± S.E.M. of technical triplicates of each population from all mice).

Figure S7. let-7 miRNAs do not control the intrinsic motility of in vitro-generated pathogenic Th17 cells. (A) Speed, track length, track straightness, and displacement of migrating CFSE-labeled in vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT, 2D2Rag2KO Let-7Tg, and 2D2Rag2KO Lin28Tg mice embedded in collagen matrices. (B) Quantitative RT-PCR analysis of the chemokine receptors CCR2 (Ccr2) and CCR5 (Ccr5) in in vitro-generated pathogenic Th17 cells from 2D2Rag2KO WT and 2D2Rag2KO Let-7Tg mice, transduced with empty vector (solid bars), Ccr2-overexpression vector (horizontally-striped bars), and Ccr5-overexpression vector (diagonally-striped bars), presented relative to results obtained for the ribosomal protein Rpl13a (control). *p < 0.05, **p < 0.01, ****p < 0.0001, compared with WT using two-tailed Student's t-test. Data are from one experiment representative of two experiments (B, mean ± S.E.M. of technical triplicates of each population from all mice), or from one experiment (A, mean ± S.E.M. of at least 175 analyzed cells of each population from all mice).

Table S1. List of all qPCR primers and probes used.

Table S2. List of let-7-binding sites identified in mouse and human Ccr2 and Ccr5 mRNA sequences.



REFERENCES

 1. Compston A, Coles A. Multiple sclerosis. Lancet. (2008) 372:1502–17. doi: 10.1016/S0140-6736(08)61620-7

 2. Rangachari M, Kuchroo VK. Using EAE to better understand principles of immune function and autoimmune pathology. J Autoimmun. (2013) 45:31–9. doi: 10.1016/j.jaut.2013.06.008

 3. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, et al. IL-23 drives a pathogenic T cell population that induces autoimmune inflammation. J Exp Med. (2005) 201:233–40. doi: 10.1084/jem.20041257

 4. Sutton C, Brereton C, Keogh B, Mills KH, Lavelle EC. A crucial role for interleukin (IL)-1 in the induction of IL-17-producing T cells that mediate autoimmune encephalomyelitis. J Exp Med. (2006) 203:1685–91. doi: 10.1084/jem.20060285

 5. Komuczki J, Tuzlak S, Friebel E, Hartwig T, Spath S, Rosenstiel P, et al. Fate-mapping of GM-CSF expression identifies a discrete subset of inflammation-driving T helper cells regulated by cytokines IL-23 and IL-1beta. Immunity. (2019) 50:1289–304 e1286. doi: 10.1016/j.immuni.2019.04.006

 6. Kwong B, Rua R, Gao Y, Flickinger JJr, Wang Y, Kruhlak MJ, et al. T-bet-dependent NKp46(+) innate lymphoid cells regulate the onset of TH17-induced neuroinflammation. Nat Immunol. (2017) 18:1117–27. doi: 10.1038/ni.3816

 7. Martinez-Llordella M, Esensten JH, Bailey-Bucktrout SL, Lipsky RH, Marini A, Chen J, et al. CD28-inducible transcription factor DEC1 is required for efficient autoreactive CD4+ T cell response. J Exp Med. (2013) 210:1603–19. doi: 10.1084/jem.20122387

 8. Lin CC, Bradstreet TR, Schwarzkopf EA, Sim J, Carrero JA, Chou C, et al. Bhlhe40 controls cytokine production by T cells and is essential for pathogenicity in autoimmune neuroinflammation. Nat Commun. (2014) 5:3551. doi: 10.1038/ncomms4551

 9. Lin CC, Bradstreet TR, Schwarzkopf EA, Jarjour NN, Chou C, Archambault AS, et al. IL-1-induced Bhlhe40 identifies pathogenic T helper cells in a model of autoimmune neuroinflammation. J Exp Med. (2016) 213:251–71. doi: 10.1084/jem.20150568

 10. McQualter JL, Darwiche R, Ewing C, Onuki M, Kay TW, Hamilton JA, et al. Granulocyte macrophage colony-stimulating factor: a new putative therapeutic target in multiple sclerosis. J Exp Med. (2001) 194:873–82. doi: 10.1084/jem.194.7.873

 11. Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos J, Verthelyi D, Dittel BN. GM-CSF production by autoreactive T cells is required for the activation of microglial cells and the onset of experimental autoimmune encephalomyelitis. J Immunol. (2007) 178:39–48. doi: 10.4049/jimmunol.178.1.39

 12. Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L, et al. RORgammat drives production of the cytokine GM-CSF in helper T cells, which is essential for the effector phase of autoimmune neuroinflammation. Nat Immunol. (2011) 12:560–7. doi: 10.1038/ni.2027

 13. El-Behi M, Ciric B, Dai H, Yan Y, Cullimore M, Safavi F, et al. The encephalitogenicity of T(H)17 cells is dependent on IL-1- and IL-23-induced production of the cytokine GM-CSF. Nat Immunol. (2011) 12:568–75. doi: 10.1038/ni.2031

 14. Spath S, Komuczki J, Hermann M, Pelczar P, Mair F, Schreiner B, et al. Dysregulation of the Cytokine GM-CSF induces spontaneous phagocyte invasion and immunopathology in the central nervous system. Immunity. (2017) 46:245–60. doi: 10.1016/j.immuni.2017.01.007

 15. Sonderegger I, Iezzi G, Maier R, Schmitz N, Kurrer M, Kopf M. GM-CSF mediates autoimmunity by enhancing IL-6-dependent Th17 cell development and survival. J Exp Med. (2008) 205:2281–94. doi: 10.1084/jem.20071119

 16. Lock C, Hermans G, Pedotti R, Brendolan A, Schadt E, Garren H, et al. Gene-microarray analysis of multiple sclerosis lesions yields new targets validated in autoimmune encephalomyelitis. Nat Med. (2002) 8:500–8. doi: 10.1038/nm0502-500

 17. Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, et al. A genome-wide association study identifies IL23R as an inflammatory bowel disease gene. Science. (2006) 314:1461–3. doi: 10.1126/science.1135245

 18. Stuart PE, Nair RP, Ellinghaus E, Ding J, Tejasvi T, Gudjonsson JE, et al. Genome-wide association analysis identifies three psoriasis susceptibility loci. Nat Genet. (2010) 42:1000–4. doi: 10.1038/ng.693

 19. International Multiple Sclerosis Genetics C, Beecham AH, Patsopoulos NA, Xifara DK, Davis MF, Kemppinen A, et al. Analysis of immune-related loci identifies 48 new susceptibility variants for multiple sclerosis. Nat Genet. (2013) 45:1353–60. doi: 10.1038/ng.2770

 20. Barrett LW, Fletcher S, Wilton SD. Regulation of eukaryotic gene expression by the untranslated gene regions and other non-coding elements. Cell Mol Life Sci. (2012) 69:3613–34. doi: 10.1007/s00018-012-0990-9

 21. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. (2009) 136:215–33. doi: 10.1016/j.cell.2009.01.002

 22. Du C, Liu C, Kang J, Zhao G, Ye Z, Huang S, et al. MicroRNA miR-326 regulates TH-17 differentiation and is associated with the pathogenesis of multiple sclerosis. Nat Immunol. (2009) 10:1252–9. doi: 10.1038/ni.1798

 23. Junker A, Krumbholz M, Eisele S, Mohan H, Augstein F, Bittner R, et al. MicroRNA profiling of multiple sclerosis lesions identifies modulators of the regulatory protein CD47. Brain. (2009) 132(Pt 12):3342–52. doi: 10.1093/brain/awp300

 24. O'Connell RM, Kahn D, Gibson WS, Round JL, Scholz RL, Chaudhuri AA, et al. MicroRNA-155 promotes autoimmune inflammation by enhancing inflammatory T cell development. Immunity. (2010) 33:607–19. doi: 10.1016/j.immuni.2010.09.009

 25. Ma X, Zhou J, Zhong Y, Jiang L, Mu P, Li Y, et al. Expression, regulation and function of microRNAs in multiple sclerosis. Int J Med Sci. (2014) 11:810–8. doi: 10.7150/ijms.8647

 26. Kuchen S, Resch W, Yamane A, Kuo N, Li Z, Chakraborty T, et al. Regulation of microRNA expression and abundance during lymphopoiesis. Immunity. (2010) 32:828–39. doi: 10.1016/j.immuni.2010.05.009

 27. Pobezinsky LA, Etzensperger R, Jeurling S, Alag A, Kadakia T, McCaughtry TM, et al. Let-7 microRNAs target the lineage-specific transcription factor PLZF to regulate terminal NKT cell differentiation and effector function. Nat Immunol. (2015) 16:517–24. doi: 10.1038/ni.3146

 28. Wells AC, Daniels KA, Angelou CC, Fagerberg E, Burnside AS, Markstein M, et al. Modulation of let-7 miRNAs controls the differentiation of effector CD8 T cells. Elife. (2017) 6:e26398. doi: 10.7554/eLife.26398.028

 29. Pobezinskaya EL, Wells AC, Angelou CC, Fagerberg E, Aral E, Iverson E, et al. Survival of Naive T Cells Requires the Expression of Let-7 miRNAs. Front Immunol. (2019) 10:955. doi: 10.3389/fimmu.2019.00955

 30. Jiang S, Yan W, Wang SE, Baltimore D. Let-7 suppresses B cell activation through restricting the availability of necessary nutrients. Cell Metab. (2018) 27:393–403 e394. doi: 10.1016/j.cmet.2017.12.007

 31. Polikepahad S, Knight JM, Naghavi AO, Oplt T, Creighton CJ, Shaw C, et al. Proinflammatory role for let-7 microRNAS in experimental asthma. J Biol Chem. (2010) 285:30139–49. doi: 10.1074/jbc.M110.145698

 32. Kumar M, Ahmad T, Sharma A, Mabalirajan U, Kulshreshtha A, Agrawal A, et al. Let-7 microRNA-mediated regulation of IL-13 and allergic airway inflammation. J Allergy Clin Immunol. (2011) 128:1077–1085 e1071–e1010. doi: 10.1016/j.jaci.2011.04.034

 33. Swaminathan S, Suzuki K, Seddiki N, Kaplan W, Cowley MJ, Hood CL, et al. Differential regulation of the Let-7 family of microRNAs in CD4+ T cells alters IL-10 expression. J Immunol. (2012) 188:6238–46. doi: 10.4049/jimmunol.1101196

 34. Newcomb DC, Cephus JY, Boswell MG, Fahrenholz JM, Langley EW, Feldman AS, et al. Estrogen and progesterone decrease let-7f microRNA expression and increase IL-23/IL-23 receptor signaling and IL-17A production in patients with severe asthma. J Allergy Clin Immunol. (2015) 136:1025–1034 e1011. doi: 10.1016/j.jaci.2015.05.046

 35. Okoye IS, Coomes SM, Pelly VS, Czieso S, Papayannopoulos V, Tolmachova T, et al. MicroRNA-containing T-regulatory-cell-derived exosomes suppress pathogenic T helper 1 cells. Immunity. (2014) 41:89–103. doi: 10.1016/j.immuni.2014.05.019

 36. Kimura K, Hohjoh H, Fukuoka M, Sato W, Oki S, Tomi C, et al. Circulating exosomes suppress the induction of regulatory T cells via let-7i in multiple sclerosis. Nat Commun. (2018) 9:17. doi: 10.1038/s41467-017-02406-2

 37. Guan H, Fan D, Mrelashvili D, Hao H, Singh NP, Singh UP, et al. MicroRNA let-7e is associated with the pathogenesis of experimental autoimmune encephalomyelitis. Eur J Immunol. (2013) 43:104–14. doi: 10.1002/eji.201242702

 38. Cox MB, Cairns MJ, Gandhi KS, Carroll AP, Moscovis S, Stewart GJ, et al. MicroRNAs miR-17 and miR-20a inhibit T cell activation genes and are under-expressed in MS whole blood. PLoS ONE. (2010) 5:e12132. doi: 10.1371/journal.pone.0012132

 39. Martinelli-Boneschi F, Fenoglio C, Brambilla P, Sorosina M, Giacalone G, Esposito F, et al. MicroRNA and mRNA expression profile screening in multiple sclerosis patients to unravel novel pathogenic steps and identify potential biomarkers. Neurosci Lett. (2012) 508:4–8. doi: 10.1016/j.neulet.2011.11.006

 40. Zhu H, Shyh-Chang N, Segre AV, Shinoda G, Shah SP, Einhorn WS, et al. The Lin28/let-7 axis regulates glucose metabolism. Cell. (2011) 147:81–94. doi: 10.1016/j.cell.2011.08.033

 41. Bettelli E, Pagany M, Weiner HL, Linington C, Sobel RA, Kuchroo VK. Myelin oligodendrocyte glycoprotein-specific T cell receptor transgenic mice develop spontaneous autoimmune optic neuritis. J Exp Med. (2003) 197:1073–81. doi: 10.1084/jem.20021603

 42. Heo I, Joo C, Cho J, Ha M, Han J, Kim VN. Lin28 mediates the terminal uridylation of let-7 precursor MicroRNA. Mol Cell. (2008) 32:276–84. doi: 10.1016/j.molcel.2008.09.014

 43. Newman MA, Thomson JM, Hammond SM. Lin-28 interaction with the Let-7 precursor loop mediates regulated microRNA processing. RNA. (2008) 14:1539–49. doi: 10.1261/rna.1155108

 44. Heo I, Joo C, Kim YK, Ha M, Yoon MJ, Cho J, et al. TUT4 in concert with Lin28 suppresses microRNA biogenesis through pre-microRNA uridylation. Cell. (2009) 138:696–708. doi: 10.1016/j.cell.2009.08.002

 45. Galaktionov K, Chen X, Beach D. Cdc25 cell-cycle phosphatase as a target of c-myc. Nature. (1996) 382:511–7. doi: 10.1038/382511a0

 46. Johnson CD, Esquela-Kerscher A, Stefani G, Byrom M, Kelnar K, Ovcharenko D, et al. The let-7 microRNA represses cell proliferation pathways in human cells. Cancer Res. (2007) 67:7713–22. doi: 10.1158/0008-5472.CAN-07-1083

 47. Legesse-Miller A, Elemento O, Pfau SJ, Forman JJ, Tavazoie S, Coller HA. let-7 Overexpression leads to an increased fraction of cells in G2/M, direct down-regulation of Cdc34, and stabilization of Wee1 kinase in primary fibroblasts. J Biol Chem. (2009) 284:6605–9. doi: 10.1074/jbc.C900002200

 48. Chung Y, Chang SH, Martinez GJ, Yang XO, Nurieva R, Kang HS, et al. Critical regulation of early Th17 cell differentiation by interleukin-1 signaling. Immunity. (2009) 30:576–87. doi: 10.1016/j.immuni.2009.02.007

 49. Ghoreschi K, Laurence A, Yang XP, Tato CM, McGeachy MJ, Konkel JE, et al. Generation of pathogenic T(H)17 cells in the absence of TGF-beta signalling. Nature. (2010) 467:967–71. doi: 10.1038/nature09447

 50. Matsuki T, Nakae S, Sudo K, Horai R, Iwakura Y. Abnormal T cell activation caused by the imbalance of the IL-1/IL-1R antagonist system is responsible for the development of experimental autoimmune encephalomyelitis. Int Immunol. (2006) 18:399–407. doi: 10.1093/intimm/dxh379

 51. McGeachy MJ, Chen Y, Tato CM, Laurence A, Joyce-Shaikh B, Blumenschein WM, et al. The interleukin 23 receptor is essential for the terminal differentiation of interleukin 17-producing effector T helper cells in vivo. Nat Immunol. (2009) 10:314–24. doi: 10.1038/ni.1698

 52. Li Z, Wu F, Brant SR, Kwon JH. IL-23 receptor regulation by Let-7f in human CD4+ memory T cells. J Immunol. (2011) 186:6182–90. doi: 10.4049/jimmunol.1000917

 53. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites in mammalian mRNAs. Elife. (2015) 4:e05005. doi: 10.7554/eLife.05005.028

 54. Yu F, Sharma S, Jankovic D, Gurram RK, Su P, Hu G, et al. The transcription factor Bhlhe40 is a switch of inflammatory versus antiinflammatory Th1 cell fate determination. J Exp Med. (2018) 215:1813–21. doi: 10.1084/jem.20170155

 55. Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors: positioning cells for host defense and immunity. Annu Rev Immunol. (2014) 32:659–702. doi: 10.1146/annurev-immunol-032713-120145

 56. Fife BT, Huffnagle GB, Kuziel WA, Karpus WJ. CC chemokine receptor 2 is critical for induction of experimental autoimmune encephalomyelitis. J Exp Med. (2000) 192:899–905. doi: 10.1084/jem.192.6.899

 57. Szczucinski A, Losy J. Chemokines and chemokine receptors in multiple sclerosis. Potential targets for new therapies. Acta Neurol Scand. (2007) 115:137–46. doi: 10.1111/j.1600-0404.2006.00749.x

 58. Kara EE, McKenzie DR, Bastow CR, Gregor CE, Fenix KA, Ogunniyi AD, et al. CCR2 defines in vivo development and homing of IL-23-driven GM-CSF-producing Th17 cells. Nat Commun. (2015) 6:8644. doi: 10.1038/ncomms9644

 59. Gu SM, Park MH, Yun HM, Han SB, Oh KW, Son DJ, et al. CCR5 knockout suppresses experimental autoimmune encephalomyelitis in C57BL/6 mice. Oncotarget. (2016) 7:15382–93. doi: 10.18632/oncotarget.8097

 60. Baumjohann D, Ansel KM. MicroRNA-mediated regulation of T helper cell differentiation and plasticity. Nat Rev Immunol. (2013) 13:666–78. doi: 10.1038/nri3494

 61. Wing K, Sakaguchi S. Regulatory T cells exert checks and balances on self tolerance and autoimmunity. Nat Immunol. (2010) 11:7–13. doi: 10.1038/ni.1818

 62. Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, et al. Interleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune inflammation of the brain. Nature. (2003) 421:744–8. doi: 10.1038/nature01355

 63. Carrieri PB, Provitera V, De Rosa T, Tartaglia G, Gorga F, Perrella O. Profile of cerebrospinal fluid and serum cytokines in patients with relapsing-remitting multiple sclerosis: a correlation with clinical activity. Immunopharmacol Immunotoxicol. (1998) 20:373–82. doi: 10.3109/08923979809034820

 64. Zwiers A, Kraal L, van de Pouw Kraan TC, Wurdinger T, Bouma G, Kraal G. Cutting edge: a variant of the IL-23R gene associated with inflammatory bowel disease induces loss of microRNA regulation and enhanced protein production. J Immunol. (2012) 188:1573–7. doi: 10.4049/jimmunol.1101494

 65. Sorensen TL, Sellebjerg F. Distinct chemokine receptor and cytokine expression profile in secondary progressive MS. Neurology. (2001) 57:1371–6. doi: 10.1212/WNL.57.8.1371

 66. Teleshova N, Pashenkov M, Huang YM, Soderstrom M, Kivisakk P, Kostulas V, et al. Multiple sclerosis and optic neuritis: CCR5 and CXCR3 expressing T cells are augmented in blood and cerebrospinal fluid. J Neurol. (2002) 249:723–9. doi: 10.1007/s00415-002-0699-z

 67. Saitoh T, Nakano H, Yamamoto N, Yamaoka S. Lymphotoxin-beta receptor mediates NEMO-independent NF-kappaB activation. FEBS Lett. (2002) 532:45–51. doi: 10.1016/S0014-5793(02)03622-0

 68. Morita S, Kojima T, Kitamura T. Plat-E: an efficient and stable system for transient packaging of retroviruses. Gene Ther. (2000) 7:1063–6. doi: 10.1038/sj.gt.3301206

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Angelou, Wells, Vijayaraghavan, Dougan, Lawlor, Iverson, Lazarevic, Kimura, Peyton, Minter, Osborne, Pobezinskaya and Pobezinsky. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-10-03125-g005.gif
floviiacl






OPS/images/fimmu-10-03125-g003.gif





OPS/images/fimmu-10-03125-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Differentiation of Pathogenic Th17 Cells Is Negatively Regulated by Let-7 MicroRNAs in a Mouse Model of Multiple Sclerosis



		Introduction



		Results



		Let-7 Expression in CD4+ T Cells Inhibits EAE Development



		Let-7 Promotes Survival but Restricts the Proliferation of Activated CD4+ T Lymphocytes



		Let-7 Negatively Regulates the Differentiation of Th17 Cells



		Let-7 Prevents the Chemokine-Mediated Migration of Pathogenic Th17 Cells







		Discussion



		Materials and Methods



		Mice



		Doxycycline Treatment for the Induction of Let-7 Transgene Expression



		Cell Sorting and in-vitro Culture



		Induction of EAE and Disease Analysis



		Isolation of CNS-Infiltrating Cells



		Enzyme-Linked Immunosorbent Assay (ELISA)



		CTV and CFSE Labeling



		In-vitro Proliferation Assay



		In-vitro Differentiation of CD4+ T Cells



		Ccr2 and Ccr5 Overexpression and Retroviral Transduction



		Flow Cytometry



		Antibodies



		RNA Isolation and Quantitative RT-PCR



		In-silico Prediction of Let-7 Binding Sites



		Luciferase Reporter Assays



		Motility in Collagen Matrices



		Transwell Assay



		Statistics







		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Immunology

Differentiation of Pathogenic Th17
Cells Is Negatively Regulated by
Let-7 MicroRNAs in a Mouse Model
of Multiple Sclerosis





OPS/images/fimmu-10-03125-g001.gif





OPS/images/fimmu-10-03125-g002.gif
< 0w Rk
o TRl o
(e it Sty

o










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





