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Endogenous T Cell Receptor Rearrangement Represses Aggressive Central Nervous System Autoimmunity in a TcR-Transgenic Model on the Non-Obese Diabetic Background
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The T cell response to central nervous system (CNS) antigen in experimental autoimmune encephalomyelitis (EAE) permits one to model the immune aspects of multiple sclerosis. 1C6 transgenic mice on the non-obese diabetic (NOD) background possess a class II-restricted T cell receptor (TcR; Vα5-Vβ7) specific for the encephalitogenic peptide myelin oligodendrocyte glycoprotein (MOG)[35−55]. It remains to be determined what role is played by allelic inclusion in shaping the TcR repertoire of these mice. Here, we show that 1C6 T cells display substantial promiscuity in their expression of non-transgenically derived Vα chains. Further, enforced expression of the transgenic TcR in 1C6 × Rag1−/− mice profoundly disrupted thymic negative selection and led to a sharp decrease in the number of mature peripheral T cells. 1C6 × Rag1−/− mice developed spontaneous EAE at a significant frequency and rapidly developed fatal EAE upon immunization with myelin oligodendrocyte glycoprotein (MOG)[35−55]. Passive transfer of 1C6 × Rag1+/+ CD4+ T cells, but not CD8+ T cells or B cells, partially rescued 1C6 × Rag1−/− mice from severe EAE. FoxP3+ CD4+ Treg cells were present in the CNS of immunized 1C6 mice, as well as immunized 1C6 × Rag1−/− that had been supplemented with 1C6 CD4+ T cells. However, they were not observed in 1C6 × Rag1−/− that did not receive Rag1-sufficient 1C6 CD4+. Further, in vivo blockade of Treg accelerated the onset of symptoms in 1C6 mice immunized with MOG[35−55], indicating the pertinence of Treg-mediated control of autoimmune inflammation in this model. Thus, TcR allelic inclusion is crucial to the generation of FoxP3+ CD4+ T cells necessary for the suppression of severe CNS autoimmunity.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic degenerative disease of the brain, spinal cord and optic nerve that affects an estimated 2 million people worldwide. It is generally accepted that MS is driven by self-reactive adaptive immune responses to central nervous system (CNS) components such as myelin. Accordingly, the majority of current MS therapies target the adaptive immune system (1, 2). The contributions of the immune system to MS pathology can be in large part recapitulated by the animal model, experimental autoimmune encephalomyelitis (EAE) (3). In classic EAE, mice of genetically susceptible backgrounds are immunized with CNS-derived (most frequently myelin-derived) encephalitogenic epitopes. In the past two decades, the introduction of T cell receptor-transgenic (TcR-Tg) lines, in which mice possess T cells with transgenically-encoded antigen specificity for encephalitogenic epitopes, has furthered our understanding of the role played by T cells in CNS autoimmunity (4).

When actively immunized with myelin oligodendrocyte glycoprotein (MOG)[35−55], non-obese diabetic (NOD) background mice present a relatively slow-developing disease over 70–100 days that is characterized by multiple relapses and remissions followed by chronically worsening symptoms, thus recapitulating the most common form of MS. This has led some to characterize NOD-EAE as a model of secondary-progressive (SP) MS (5–7). Recently an MHC class II-restricted, MOG[35−55]-specific TcR-Tg strain, 1C6, was described on the NOD background. The 1C6 TcR α-chain incorporates Vα5 and the 1C6 TcR β-chain incorporates Vβ7 (8). Despite being class II-restricted, the 1C6 TcR is expressed on both CD4+ and CD8+ T cells. Interestingly, a proportion of 1C6 T cells express alternate Vα chains (8), in line with previous observations that expression of an ectopic TcR does not exclude the arrangement and expression of a TcR from endogenous alleles (9).

Here, to examine the consequences of enforced allelic exclusion in the 1C6 strain, we studied 1C6 × Rag1−/− mice, which are incapable of rearranging their endogenous TcRα and β chains. We found that naïve 1C6 × Rag1−/− mice have diminished numbers of both CD4+ and CD8+ T cells. Intriguingly, 1C6 × Rag1−/− mice developed extremely severe EAE upon MOG[35−55] immunization. This severe effect could be partially rescued by the infusion of Rag1-sufficient CD4+, but not CD8+, 1C6 T cells. We found that FoxP3+ CD4+ T cells were largely absent from the CNS of 1C6 mice of immunized 1C6 × Rag1−/− mice, and that infusion of Rag1-sufficient 1C6 CD4+ T cells rescued this population. Overall, we found that endogenously rearranged TcR chains are essential in mediating the development of regulatory T cells that determine disease susceptibility in 1C6 mice.



RESULTS


Mature T Cell Survival in 1C6 Mice Requires Endogenous TcR Rearrangement

TcR development in the thymus entails the rearrangement and ligation of distinct α-chain V(ariable) and J(oining) segments, or β-chain V, D(iversity) and J segments. Excluded segments are lost from the genome of the cell. While the vast majority of 1C6 T cells express the transgenic TcR (8), it has been previously observed that allelic exclusion in TcR-Tg strains is incomplete (9, 10). We therefore wanted to comprehensively assess the expression of non-transgenic, endogenously-derived Vα segments in 1C6 T cells. Due to the paucity of commercially available flow cytometry antibodies to specific Vα alleles, we employed a PCR-based approach. We found that in addition to transgenic Vα5, 1C6 CD8+ T cells possessed DNA of a number of endogenous Vα segments (Figure 1). Thus, 1C6 T cells have a high degree of promiscuity in their TcRα repertoire.


[image: Figure 1]
FIGURE 1. 1C6 Tg T cells are promiscuous in their expression of endogenous TcRα. Purified splenic 1C6 CD8+ T cells were assessed for the presence of specific TcRα DNA by PCR. Transgenically encoded Vα5.1 bracketed by dotted lines. Representative of three experiments.


Next, we generated 1C6 × Rag1−/− mice to test whether endogenously encoded TcR loci were functionally relevant to 1C6 CD8+ survival and function. These mice are unable to rearrange endogenous TcR loci but their T cells should bear transgenic 1C6 TcR. We found that in the absence of Rag1, there was a profound arrest at the double-positive stage of thymopoiesis (Figure 2A). This indicated that expression of endogenously derived TcR was essential for 1C6 thymocytes to escape negative selection. In the periphery, while the percentage of splenic CD4+ T cells was similar between 1C6 × Rag1−/− and 1C6 mice, the frequency of CD8+ T cells was sharply reduced (Figure 2B). However, absolute numbers of both CD4+ and CD8+ T cells were dramatically diminished in 1C6 × Rag1−/− mice (Figure 2C). Together, our data showed that allelic inclusion of endogenously rearranged TcR is both widespread and essential for proper development of the T cell repertoire in 1C6 mice.
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FIGURE 2. Peripheral T cell populations are dysregulated in 1C6 × Rag1−/− mice due to defective negative selection. Thymic (A) and splenic (B,C) cell populations were enumerated from female 1C6 (n = 6) vs. 1C6 × Rag1−/− (n = 6) mice. (A) The proportion of thymocytes expressing CD4 and/or CD8 was enumerated. The proportion (B) and absolute frequency (C) of splenic CD4+ and CD8+ T cells were assessed by flow cytometry. Graphs: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, two-tailed t-test. n.s., not significant.




1C6 × Rag1−/− Mice Develop Severe EAE

Curiously, we also found that more than half (24/42) of 25-weeks old 1C6 × Rag1−/− mice developed spontaneous paralytic disease (Table 1) characterized by immune cell infiltration and demyelination in the cerebellum and spinal cord (Figure 3). By contrast, no Rag1-sufficient 1C6 mice developed spontaneous disease in our colony (Table 1), in corroboration of previous findings that such symptoms occur only rarely in this strain (8).


Table 1. Incidence and severity of 1C6 × Rag1−/− spontaneous EAE.
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FIGURE 3. Histological analysis of the CNS of 1C6 × Rag1−/− mice that develop spontaneous EAE. Cerebellar (A–D) and spinal cord (E–H) lesions from an 18-weeks old male 1C6 × Rag1−/− mouse that spontaneously developed paralytic disease. H&E staining (A,B,E,F) was used to identify inflammatory foci, and Luxol fast blue was used to detect myelin (C,D,G,H). Arrows indicate inflammatory damage. (A,C,E,G), 10× magnification. (B,D,F,H), 4× magnification. Scale bars, 100 μm. Representative of eight animals (6 female, 2 male).


To directly examine whether EAE in these animals was driven in an antigen-specific manner, we immunized 1C6 × Rag1−/− and 1C6 × Rag1+/+ mice with MOG[35−55]. Both male and female 1C6 × Rag1−/− mice developed severe, often fatal, EAE within 12–15 days. By contrast, immunized 1C6 × Rag1+/+ controls displayed mild disease, at best, during the same time frame (Figure 4). This is in line with previous findings that actively immunized NOD strain mice develop severe paralytic EAE (i.e., hind limb paralysis) only after 60 days (11, 12). Thus, despite having an extremely low frequency of peripheral T cells, 1C6 × Rag1−/− mice were prone to develop CNS-targeted inflammation.
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FIGURE 4. 1C6 × Rag1−/− mice develop severe MOG[35−55]-driven EAE. 1C6 (male, n = 4; female, n = 5) and 1C6 × Rag1−/− (male, n = 4; female, n = 5) mice were actively immunized with MOG[35−55] and were monitored for signs of EAE. (A) female, (B) male. *p < 0.05; !p < 0.001, two-tailed Mann-Whitney U test. ϕ indicates that all mice in the experimental group attained ethical endpoints. Representative of three immunizations.




1C6 × Rag1+/+ CD4+ T Cells Ameliorate Disease in 1C6 × Rag1−/− Mice

We had observed that absolute numbers of CD4+ T cells were greatly reduced in 1C6 x Rag1−/− mice (Figure 2C). This indicated that, despite the 1C6 TcR being class II-restricted, survival of 1C6 CD4+ T cells was partially dependent on endogenous TcR rearrangement. Further, in light of the fact that 1C6 CD8+ T cells could not ameliorate the severe disease observed in 1C6 × Rag1−/− mice, it raised the possibility that 1C6 CD4+ T cells may themselves contain a regulatory population. To address this, we asked whether passive transfer of 1C6 CD4+ T cells could rescue 1C6 × Rag1−/− mice from severe MOG[35−55]-driven EAE. We therefore passively transferred Rag-sufficient 1C6 T cells to 1C6 × Rag1−/− mice, and 7 days later, immunized them in parallel with 1C6 × Rag1−/− mice that did not receive 1C6 CD4+ T cells. As expected, 1C6 × Rag1−/− rapidly developed fatal EAE. By contrast, 1C6 × Rag1−/− mice receiving Rag1-sufficient 1C6 CD4+ T cells did not develop fatal disease when monitored for 20 days (Figure 5A). As we had also found that CD8+ T cells were profoundly diminished in 1C6 × Rag1−/− mice, and as substantial evidence exists that in certain contexts, CD8+ regulatory T cells (Treg) can suppress inflammation in MS and EAE (13), we wanted to rule out the possibility that exacerbated disease in 1C6 × Rag1−/− mice was due to a lack of a CD8+ Treg. To address this, we infused 1C6 × Rag1−/− mice with 1C6 × Rag1+/+ CD8+ T cells and immunized them with MOG[35−55] after 7 days. We observed no differences in disease severity between these animals and unmanipulated 1C6 × Rag1−/− mice (Figure 5B). Further, we were able to rule out a potential role for regulatory B cells (14) in controlling disease severity, as prior transfer of 1C6 strain B cells to 1C6 × Rag1−/− mice did not protect them from severe EAE (Figure 5C). Taken altogether, our data showed that the exacerbated disease seen in 1C6 × Rag1−/− mice resulted from the absence of a CD4+ T cell subpopulation normally resident in 1C6 mice.


[image: Figure 5]
FIGURE 5. 1C6 CD4+ T cells restrain CNS autoimmunity in 1C6 × Rag1−/− mice. (A) Male 1C6 × Rag1−/− mice were reconstituted (n = 5), or not (n = 5), with 2 × 106 CD4+ T cells from unmanipulated male 1C6 mice. After 7 days, mice were actively immunized with MOG[35−55] and were monitored for signs of EAE. Representative of 2 experiments. (B) Male 1C6 × Rag1−/− mice were reconstituted (n = 5), or not (n = 5), with 2 × 106 CD8+ T cells from unmanipulated male 1C6 mice. After 7 days, mice were actively immunized with MOG[35−55] and were monitored daily for signs of EAE. *p < 0.05, two-tailed Mann-Whitney U test. ϕ indicates that all mice in the experimental group attained ethical endpoints. (C) Female 1C6 × Rag1−/− mice were reconstituted (n = 4), or not (n = 4), with 2 × 106 CD19+ B cells from unmanipulated 1C6 mice. After 7 days, mice were actively immunized with MOG[35−55] and were monitored for signs of EAE. ϕ indicates that all mice in the experimental group attained ethical endpoints. *p < 0.05; #p < 0.01, two-tailed Mann-Whitney U test. ϕ indicates that all mice in the experimental group attained ethical endpoints. (D,E). Spleen (D) or CNS-infiltrating (E) CD4+ T cells were isolated from immunized 1C6 × Rag1−/− mice when they reached ethical endpoints (n = 9), or from 1C6 × Rag1−/− (reconstituted with 1C6 CD4+) that were sacrificed in parallel (n = 4). T cells were assessed ex vivo for the indicated cytokines by flow cytometry. All data are gated on live CD4+ events. *p < 0.05; **p < 0.01, Sidak's multiple comparisons test after two-way ANOVA. Bottom plots, representative IL-2 expression from splenic (D) or CNS-infiltrating (E) CD4+ T cells.


We next examined ex vivo cytokine production from the CD4+ T cell compartment of 1C6 × Rag1−/− mice that had been reconstituted with 1C6 × Rag1+/+ CD4+ T cells prior to immunization. We therefore repeated our 1C6 CD4+ passive transfer protocol in 1C6 × Rag1−/− mice, followed by MOG[35−55] immunization. Spleen and CNS-infiltrating T cells were isolated from unreconstituted, immunized, 1C6 × Rag1−/− mice when they reached ethical endpoints and from 1C6 CD4+ T cell-reconstituted counterparts that we sacrificed in parallel. In the spleen, IL-2 was selectively decreased in 1C6 × Rag1−/− mice that received 1C6 CD4+ T cells; no differences were observed in the production of IFNγ, IL-17, GM-CSF, or TNFα (Figure 5D). Curiously and in contrast, among CNS-infiltrating CD4+ T cells, IL-2 production was selectively increased in mice that had been infused with 1C6 × Rag1+/+ CD4+ T cells (Figure 5E).



CNS-Infiltrating FoxP3+CD4+ Are Absent in the CNS of 1C6 × Rag1−/− EAE Mice

FoxP3+CD4+ Treg (15) control both onset and severity of EAE (16) and their survival is dependent on IL-2 (17). Given the fact that 1C6 × Rag1+/+ CD4+ T cells rescued 1C6 × Rag1−/− mice from severe EAE, as well as the observed anomalies in IL-2 production in the presence or absence of Rag-sufficient 1C6 T cells, we next wanted to examine whether 1C6 CD4+ T cell infusion could drive Treg expansion. While absent from immunized 1C6 × Rag1−/− mice at experimental endpoints, 1C6 CD4+ T cell reconstitution increased the frequency of FoxP3+CD4+ T cells in the CNS (Figure 6A). CNS-infiltrating Treg were largely Vβ7+ (Figure 6B), indicating that endogenous TcR rearrangement was restricted to the α-chain in these cells.
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FIGURE 6. FoxP3+ CD4+ T cells are absent from the CNS of 1C6 × Rag1−/− mice with EAE. (A,B). Female 1C6 × Rag1−/− mice were reconstituted, or not, with 2 × 106 CD4+ T cells from unmanipulated 1C6 mice. After 14 days, mice were actively immunized with MOG[35−55]. At experimental endpoints, CNS-infiltrating CD4+ T cells were assessed by flow cytometry for expression of FoxP3 (A). Representative data, n = 4 each group. (B) Vβ7 expression (blue line) on CNS-infiltrating CD4+FoxP3+ T cells from a 1C6 × Rag1−/− mouse reconstituted with 1C6 CD4+ T cells. Dotted line, FMO control. (C) Female 1C6 and 1C6 × Rag1−/− mice were actively immunized with MOG[35−55]. Lymph node T cells were isolated at the peak of disease and assessed by flow cytometry for FoxP3 expression. Gated on CD4+ (top) or CD8+ (bottom) events. Representative of 5 mice each. (D) Male 1C6 mice were treated with Treg-depleting anti-CD25 antibody (PC61) or with isotype control on days−11,−9, and−7, and were immunized with MOG[35−55] on d0. n = 5, both groups. *p < 0.05 on individual days, Mann-Whitney U test.


It was possible that the expansion of 1C6-origin CD4+ Treg in 1C6 × Rag1−/− mice was a homeostatic response to a lack of this population in 1C6 × Rag1−/− mice. To rule out this possibility, we assessed the presence of CD4+ Treg in actively immunized 1C6 animals. FoxP3+CD4+ T cells were identified in the CNS of 1C6 mice and were, as expected, absent in 1C6 × Rag1−/− mice (Figure 6C). CD8+FoxP3+ cells were not seen in either genotype at an appreciable frequency. Thus, our data show that CD4+FoxP3+ Treg are critical to controlling EAE severity in the 1C6 strain, and that their development is crucially dependent on the arrangement of endogenous TcRα.

Given our data pointed toward an important role for Treg in suppressing immune control of CNS autoimmunity in NOD-EAE, we next wanted to assess the effects of Treg depletion in immunized 1C6 mice. We treated mice with 3 successive doses of anti-CD25 monoclonal antibody (clone PC61), which depletes Treg, or with isotype control, and subsequently immunized them with MOG[35−55] (18). PC61-treated mice developed disease of earlier onset than that observed in control-treated animals (8.4 days ± 0.7 vs. 18.6 ± 3.5, p < 0.021; Figure 6D), indicating an important role for Treg in regulating the initiation of autoimmune symptoms in NOD EAE.




DISCUSSION

Our data indicate that 1C6 T cells can express multiple endogenous Vα chains, and that endogenous TcR rearrangement is critical for the selection of CD4+ FoxP3+ Treg that mitigate disease in Rag1-sufficient 1C6 mice. Few CD4+ or CD8+ single-positive thymocytes were detected in 1C6 × Rag1−/− thymi, indicating that the 1C6 TcR is highly prone to negative selection. These observations are in contrast to what is known about other self-reactive TcR-Tg strains. T cells with a myelin basic protein (MBP)[1−9]-specific TcR were thymically selected even when crossed to a Rag1−/− background; further, numbers of splenic CD4+ T cells were similar between Rag1-sufficient (“T/R+”) and Rag1-deficient (“T/R-”) mice (9). Similarly, the proteolipid protein (PLP)139−151-specific “5B6” TcR successfully escapes negative selection on a Rag-deficient background (10). Our data are striking when one considers that the parental 1C6 T cell clone was isolated from the peripheral lymphoid tissue of an immunized WT NOD mice, and thus by definition escaped thymic negative selection in the thymus. TcR signal strength to self is thought to dictate whether a thymocyte passes the single-positive phase, with strongly self-reactive clones being negatively selected. The 1C6 TcR is thus one that is likely to be highly self-reactive and rarely present in the periphery of WT mice. In the future, it will be interesting to compare the affinity of 1C6 to MOG[35−55]/class II to that of other MOG[35−55]-specific TcR such as 2D2. Further, while our data indicate that 1C6 T cells are highly promiscuous in their expression of Vα at a population level, we do not know whether individual T cells in these mice escape negative selection by expressing both the 1C6 TcR as well as a second TcR consisting of Vβ7 paired to an endogenous Vα, or whether they lost 1C6 TcR completely and express only endogenous TcR. Unfortunate, the current lack of antibodies against the full spectrum of Vα makes it challenging to distinguish between these possibilities using flow cytometry. In the future, however, it may be possible to use next-generation sequencing techniques to characterize TcRα/β pairing at the single cell level.

Despite having few circulating T cells, 1C6 × Rag1−/− mice developed extremely severe EAE. By contrast, EAE in NOD strain mice develops relatively slowly, with advanced paralytic disease observed only after 60 days. Disease in actively immunized 1C6 × Rag1−/− was characterized by augmented expression of the T cell growth factor IL-2 from peripheral CD4+ T cells. Thus, 1C6 × Rag1−/− T cells are highly autoreactive, in line with their propensity to be negatively selected. Indeed, while transfer of Rag-sufficient 1C6 CD4+ T cells to 1C6 × Rag1−/− saved these mice from fulminant CNS autoimmunity, they retained a significant amount of disability despite the fact that the FoxP3+ Treg niche was reconstituted, suggesting again that the 1C6 TcR is itself highly pathogenic.

Interestingly, there were no differences in production of IFNγ or IL-17 between CNS infiltrating CD4+ T cells from immunized 1C6 × Rag1−/−, vs. 1C6 × Rag1−/− reconstituted with 1C6 CD4+ T cells, suggesting that loss of endogenous TcR rearrangement did not skew the immune response toward either Th1 or Th17. This, together with the fact that the severe disease phenotype of 1C6 × Rag1−/− mice could be partially rescued by the presence of Rag-sufficient 1C6 CD4+, but not CD8+, T cells, led us to ask whether an absence of Treg may explain the phenotype. Indeed, FoxP3+ CD4+ Treg were absent from immunized 1C6 × Rag1−/− mice, indicating that their severe disease was at least in part due to a loss of this subpopulation. 1C6 Treg were Vβ7+, indicating that TcR rearrangement in these cells occurred chiefly for the α-chain. Strikingly, in vivo depletion of CD25+ Treg accelerated the onset of symptoms in 1C6 mice, indicating that Treg control the initiation of autoimmune reactivity in this model. Depleted mice did not progress to fulminant EAE; it is possible that CD25− Treg, which play important roles in immunoregulation (19) and which would be preserved in our protocol, might also contribute to the control of CNS autoimmunity in Rag1-sufficient animals.

Tonegawa et al. previously reported that Rag-deficient, MBP[1−9]-specific, “T/R−” mice develop spontaneous EAE with 100% frequency (9). Disease in “T/R−” mice was rescued by the transfer of Rag-sufficient Tg “T/R+” (20) or wildtype (21) T cells. These cells were later shown to be CD4+CD25+ (22) and presumably FoxP3+ Treg. Rag deficiency has additionally been shown to exacerbate EAE in two Tg strains featuring a humanized TcR specific for myelin antigen (23, 24). Thus, our data, and that of others, indicate that functionally important Treg can be present in the periphery, even when one skews the repertoire toward an autoreactive TcR specificity derived from an inflammatory effector T cell clone. This raises the question of whether allelic inclusion generates de novo TcR that drive Treg generation, possibly due to the strength of their interactions with self-Ag in the thymus. This would be exciting, as it would indicate that there are specific TcR rearrangements that we could identify that promote peripheral tolerance to CNS antigen via the development of Treg. Evidence supporting this model comes from Bautista and colleagues, who found that when introduced into wildtype thymi, donor thymocytes expressing a Treg-specific TcR could give rise to FoxP3+ cells. By contrast, thymocytes expressing TcR to non-self Ag did not have this effect (25). Leung and colleagues additionally showed a higher frequency of donor-derived FoxP3+ cells when Treg-specific TcR-expressing thymi were introduced to recipient mice. However, this latter study also found that the percentage of donor-derived FoxP3+ T cells in these animals did not exceed the frequency of Treg seen in a normal mouse. Thus, while specific TcR may indeed preferentially give rise to FoxP3+ Treg, it is also likely that the development of these cells is regulated homeostatically. It remains to be seen whether 1C6-origin Treg recognize MOG[35−55] or other Ag via their endogenous TcR. It must also be noted that endogenous TcR rearrangement is not a universally critical mechanism of peripheral tolerance in TcR-Tg strains, as 2D2 mice do not appear to develop worsened disease when crossed to a Rag2−/− background (26). The capacity of background-specific MHC to present antigen is also likely to play a role in the development of Treg in these strains.

This work describes the requirement for endogenous TcR rearrangement for appropriate T cell development in the 1C6 transgenic strain. Peripheral T cells are profoundly reduced when expression of the transgenic TcR is enforced on a Rag1−/− background. Despite the reduction in T cells, 1C6 × Rag1−/− mice are susceptible to severe EAE that is at least partially due to an absence of CD4+, but not CD8+, Treg. These findings underscore the clonal complexity of T cell-driven responses in the context of autoimmunity.



MATERIALS AND METHODS


Animals and EAE Induction

1C6 mice were a kind gift of Dr. Vijay Kuchroo (Boston, MA) and were maintained in our facility. Rag1−/− NOD strain mice were obtained from JAX and were crossed to the 1C6 strain in our facility. The sex of the mice used in each experiment is indicated in the Figure legends and in Table 1. Mice were monitored bi-weekly for initial signs of spontaneous paralytic disease. Mice that developed spontaneous disease were monitored daily. Active immunization was conducted at 10–12 weeks of age similar to as described previously (27). Briefly, they were immunized with 200 μg MOG[35−55] in 100 μL of complete Freund's adjuvant (Difco) supplemented with 500 μg M. tuberculosis extract (Difco). Mice received 200 ng pertussis toxin (List Biological Labs) on d0 and d2. For lymphocyte rescue experiments, 1C6 × Rag1−/− mice were passively transferred with 2 × 106 purified splenic 1C6 CD4+ T, CD8+ T, or CD19+ B cells. Rescue mice were then rested for 7 days prior to immunization in parallel with controls. For Treg depletion protocol, mice received 3 injections 100 μg of PC61 or isotype control antibody, each separated by 48 h (18). Seven days after last injection, mice were immunized as described above. All EAE mice were weighed and assessed for disease symptoms daily for up to 30 days, using an established semi-quantitative scale that we have used previously (28): 0, no disease; 1, decreased tail tone; 2, hind limb weakness or partial paralysis; 3, complete hindlimb paralysis; 4, front and hind limb paralysis; 5, dead or having attained ethical endpoints. Moribund mice were euthanized with 24 h if they did not show improvement. “Disease onset” is defined as being within 24 h of the first signs of clinical symptoms.



Antibodies

Flow cytometry monoclonal Abs (mAbs) against mouse antigens were obtained from eBioscience (CD4, clone RM4-5; CD8α, clone 53–6.7; CD19, clone eBio1D3; IFNγ, clone XMG1.2; GM-CSF, clone MP1-22E9), BioLegend (Vβ7, clone TR3-10; IL-17A, clone TC11-18H10.1; FoxP3, clone FJK-16S) or BD (IL-2, clone JES6-5H4); anti-CD25 for in vivo depletion, as well as rIgG1 isotype control, were obtained from BioXcell.



T Cell Purification

Mononuclear cell preparations were obtained from mouse spleens of donor mice. CD4+ T cells, CD8+ T cells and CD19+ B cells were enriched using the appropriate MACS beads (Miltenyi). They were then incubated with the appropriate (CD4, CD8, CD19) fluorochrome-labeled antibodies and purified using high-speed cell sorting (FACSAria, BD).



TcR Vα PCR

CD8+ T cells were purified from 1C6 mouse spleen using high-speed cell sorting, and genomic DNA was isolated using DNA Miniprep kit (Bio Basic Canada). PCR amplification of different regions of TCRAV was carried out using a Bio-Rad C1000 Touch thermocycler. In each PCR reaction, 20 ng of genomic DNA was added to 20 μL of reaction mixture consisting of 1X Accustart II PCR super mix (Quanta Bio). Allele-specific primers were added at 0.2 μmol/ reaction. Each PCR reaction consisted 35 cycles of 2 min of denaturation at 95°C, 30 s 95°C, annealing at 58°C, and 1 min of extension at 72°C, and a final extension step of 5 min at 72°C. At the end of the reaction, the PCR product was mixed with 2 μL of loading dye (200 g/L sucrose, 0.05 g/L bromphenol blue) and was then separated on 1% agarose gel. Primer sequences were designed using PrimerQuest software (IDT) and were as follows: (1) TRAV1.2, 5′-CAGCCTGCCAAATTGATGTC-3′, 5′-ACAGAGGTATGAGGCAGAGT-3′, 260 bp amplicon; (2) TRAV2, 5′-CTTGCCAAGACCACCCA-3′, 5′-GTCAGTCACAATGCAGTAATACAC-3′, 272 bp; (3) TRAV3, 5′-CCCTCCTCACCTGAGTGT-3′, 5′-GATGGGCAGCTGTGAGG-3′, 224 bp; (4) TRAV3.2, 5′-GAGAGCAGGTGGAGCATTG-3′, 5′-ACTTGCTGCACAGAAGTACA-3′, 272 bp; (5) TRAV4.3, 5′-GTGCAGATTTGCTGTGAGTTG-3′, 5′-CCTCAGCAGCACAGAAGTAA-3′, 464 bp; (6) TRAV5.1, 5′-TGGAACAGCTCCCTTCCT-3′, 5′-ACTTGCTGAGCAGAAGTAGATG-3′, 269 bp; (7) TRAV6.1, 5′-GGAGACTCAGTGACCCAGAT-3′, 5′-CACCCAGAACACAGTAGTACA-3′, 280 bp; (8) TRAV7.2, 5′-AACAGAAGGTACAGCAGAGC-3′, 5′-TGCTCACTGCACAGAAGTAG-3′, 276 bp; (9) TRAV8.1, 5′-AGTCAACTAGCAGAAGAGAATCC-3′, 5′CATCAGTAGCACAGAAGTACACA-3′, 277 bp; (10) TRAV9, 5′-ATCTCGTTCCTCGGGATACA-3′, 5′-GCTCACAGCACAGAAGTACA-3′, 446 bp; (11) TRAV10, 5′-TCCCTTCACACTGTATTCCTATTC-3′, 5′-GGAGAATCGTTTGGCTTTCTTATC-3′, 430 bp; (12) TRAV11, 5′-TGGTCTTGTGGCTGCATTAT GTGCTGTGCTTAGCATCTTTATC-3′, 466 bp; (13) TRAV13, 5′-GTTTGCTGTGAGTCTGGGT CACAGAGATAAGTGCCTGAGTC-3′, 458 bp.



Histopathology

Mice were euthanized and perfused first with cold PBS and then with 4% paraformaldehyde (PFA) through the left cardiac ventricle. Brains and spinal cords were dissected from the skull and spinal column, respectively. Tissues were incubated for 24 h in 4% PFA at 4°C and then for a minimum of 48 h in PBS before being embedded in paraffin. Five-micrometer thick sections of the brain and spinal cord were stained with hematoxylin & eosin (H&E) or Luxol fast blue for myelin (29). Images were taken using Nova Prime software (Bioquant Image Analysis Corporation) with a high-resolution QICAM fast color 1,394 camera (1,392 × 1,040 pixels; OImaging) installed on a Nikon Eclipse 80i microscope. Images were taken at 4× and 10× magnification and were calibrated with a microscope micrometer calibration ruler using FiJi software (NIH).



CNS Mononuclear Cell Isolation

Mice were euthanized and perfused with cold PBS administered through the left cardiac ventricle. Brains and spinal cords were dissected from the skull and spinal column, respectively. CNS tissue were homogenized using a PTFE Tissue Grinder (VWR) and were incubated for 30 min at 37°C in homogenization solution (HBSS containing 4 ng mL-1 liberase and 25 ng mL-1 DNase). Homogenate was filtered through a 70-μm cell strainer, resuspended in 35% Percoll (GE Healthcare) and centrifuged. Mononuclear cells were collected, washed and prepared for flow cytometric analysis.



Flow Cytometry

Staining for cell surface markers was carried out for 30 min at 4°C. Prior to incubation with mAbs against cell surface markers, cells were incubated for 10 min in the presence of Fc Block (BD Biosciences) to prevent non-specific Ab binding to cells. For analysis of intracellular cytokine expression, cells were first cultured for 4 h in the presence of 50 ng mL−1 phorbol 12-myristate 13-acetate (Sigma-Aldrich), 1 μM ionomycin (Sigma-Aldrich) and GolgiStop (1 μL per mL culture; BD Biosciences). Cells were subsequently incubated with Fc Block (BioLegend) and fluorescent cell surface marker Abs and were then fixed and permeabilized using Fixation and Perm/Wash buffers (eBioscience). They were then stained with fluorescent Abs against intracellular markers. FoxP3 Fix/Perm and Perm buffers (BioLegend) were used for FoxP3 staining. Flow cytometry data were collected using a LSRII flow cytometer (BD Biosciences) and were analyzed using FlowJo software (Treestar). Dead cells were excluded from analysis on the basis of positivity for Fixable Viability Dye (eBioscience). Gates were set on the basis of fluorescence minus one controls.



Statistical Analysis

Two-tailed comparisons were made in all cases. For EAE data, t-test was used to analyze mean week of onset. Mann-Whitney U test was used to analyze mean maximal severity and severity on individual days. Fisher's exact test was used to analyze disease incidence and mortality incidence with Bonferroni's correction being applied. Ex vivo production of cytokines was assessed by two-way ANOVA followed by Sidak's multiple comparisons test. All statistical analyses were performed using Prism (GraphPad), with the exception of Fisher's exact test (QuickCalc online tool, https://www.graphpad.com/quickcalcs/contingency1.cfm; GraphPad). Error bars represent standard error (s.e.m.).
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Unimmunized mice were followed until at least 25 weeks of age. Mean maximal score
was calculated from mice that developed disease only. Time of onset and mean maximal
score, mean % s.e.m.  p < 0.0001; °p < 0.0001. #? two-tailed Fisher's exact test with
Bonferroni's correction. No significant differences in fime of onset or mean maximel score
were measured between male and female 1C6 x Rag1~" mice.
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