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Introduction

Paraneoplastic neurological disorders are immune-mediated diseases that develop in the setting of malignancy and offer a unique prospect to analyse the interplay between tumour immunity and autoimmune disease [START_REF] Albert | Paraneoplastic neurological degenerations: keys to tumour immunity[END_REF]Steinman, 2014). In paraneoplastic neurological disorders, the pathogenic adaptive immune response targets proteins, so-called onconeural antigens, normally expressed by neurons and aberrantly expressed by tumour cells (Furneaux et al., 1990). Highly specific anti-neuronal autoantibodies in the serum and CSF represent key diagnostic biomarkers. When these autoantibodies recognize cell surface antigens, they most likely contribute to pathogenicity [START_REF] Tuzun | Evidence for antibody-mediated pathogenesis in anti-NMDAR encephalitis associated with ovarian teratoma[END_REF][START_REF] Graus | Antibodies and neuronal autoimmune disorders of the CNS[END_REF]. In contrast, when onconeural antigens are localized intracellularly, T cells provide a beneficial anti-tumoural response but are implicated in inducing the deleterious autoimmune neurological reaction (Pellkofer et al., 2004;[START_REF] Pignolet | Immunopathogenesis of paraneoplastic neurological syndromes associated with anti-Hu antibodies: a beneficial antitumor immune response going awry[END_REF]. Paraneoplastic cerebellar degeneration, characterized by the selective loss of Purkinje neurons in the cerebellum, is an illustrative example of paraneoplastic neurological disorder targeting intracellular neuronal antigens (Albert et al., 1998). Paraneoplastic cerebellar degeneration develops, in particular, in patients with gynaecologic carcinomas that express the Purkinje neuron-specific CDR2 protein, with small cell lung cancer that expresses the neuronal HuD protein, or with testicular cancer that expresses the Ma2 antigen [START_REF] Mason | Small-cell lung cancer, paraneoplastic cerebellar degeneration and the Lambert-Eaton myasthenic syndrome[END_REF]Albert et al., 1998;[START_REF] Dalmau | Clinical analysis of anti-Ma2-associated encephalitis[END_REF]). Cytotoxic T lymphocyte-associated antigen 4 (CTLA4) is expressed transiently following activation of conventional T cells, and constitutively by regulatory T cells (Tregs). This receptor has a crucial role in limiting T cell responses [START_REF] Allison | Checkpoints[END_REF]. Therefore, therapeutic blockade of CTLA4 with antibodies has been tested to enhance antitumour immunity, and proved to be efficient in murine cancer models [START_REF] Leach | Enhancement of antitumor immunity by CTLA-4 blockade[END_REF]. This has led to the clinical development of anti-CTLA4 antibody (ipilimumab) as immunotherapy in patients with advanced melanoma or other carcinomas [START_REF] Hodi | Improved survival with ipilimumab in patients with metastatic melanoma[END_REF][START_REF] Robert | Ipilimumab plus dacarbazine for previously untreated metastatic melanoma[END_REF]. The benefit of this therapy for tumour control and survival has since been confirmed. Collectively, immune checkpoint inhibitors, and their combination, have revolutionized the field of cancer immunotherapy [START_REF] Allison | Checkpoints[END_REF]. However, anti-CTLA4 therapy is associated with a high frequency of immune-related adverse events, notably autoimmune hypophysitis [START_REF] Bertrand | Immune related adverse events associated with anti-CTLA-4 antibodies: systematic review and meta-analysis[END_REF].

Patients affected with gynaecological cancers, or malignancies of neuroectodermal origin, such as small cell lung cancer, are particularly prone to develop paraneoplastic neurological disorders. We, therefore, sought to investigate whether the risk to develop paraneoplastic neurological disorder of autoimmune nature could be enhanced by anti-CTLA4 therapy. To test this hypothesis, we generated a mouse system in which the same model antigen is expressed in cerebellar Purkinje cells and in an implanted breast tumour. Using this in vivo setting, we assessed the impact of anti-CTLA4 therapy on development of paraneoplastic neurological disorder.

Materials and methods

Mice 6.5-TCR mice, CL4-TCR mice, L7-Cre, Mog-HA, and the Rosa-Stop-HA (Rosa26 rtm(HA)1Lib ) mice have been described elsewhere [START_REF] Kirberg | Thymic selection of CD8 + single positive cells with a class II major histocompatibility complex-restricted receptor[END_REF]Morgan et al., 1996;[START_REF] Saito | L7/ Pcp-2-specific expression of Cre recombinase using knock-in approach[END_REF]Saxena et al., 2008). L7-Cre mice were backcrossed at least six times on the BALB/c background. We obtained the L7-HA mice by crossing L7-Cre with Rosa-Stop-HA mice. Mice were kept in specific pathogen-free conditions within the UMS006 animal facility, Toulouse, France. All procedures involving animals were in accordance with the European Union guidelines following approval by the local ethics committee.

Reverse transcription polymerase chain reaction

To assess influenza virus haemagglutinin (HA) expression, total RNA was extracted with TRIzol Õ (Life), followed by reverse transcription (SuperScript Õ III, Invitrogen). The cDNA was used as template for quantitative PCR using SYBR Õ Green I master mix (Roche) on a LightCycler 480 thermocycler (Roche). The following primers were used to amplify HA (forward 5'AAACTCTTCGCGGTCTTTCCA 3', reverse 5' GATAAGGTAGCTTGGGCTGC 3'), Ctla4 (forward 5'GCT TCCTAGATTA CCCCTTCTGC 3', reverse 5' CGGGCAT GGTTCTGGATCA 3'), and Hprt (forward 5' TTGCTCGAG ATGTCATGAAGGA 3', reverse 5' TGAGAGATCATCT CCA CCAATAACTT 3'). HA mRNA expression was normalized to Hprt mRNA.

Cell line and tumour implantation

The BALB/c mouse 4T1 breast cancer cell line and its 4T1-HA derivative that expresses HA (a gift from D. Klatzman) were cultured as described [START_REF] Aslakson | Selective events in the metastatic process defined by analysis of the sequential dissemination of subpopulations of a mouse mammary tumor[END_REF]. 4T1 or 4T1-HA cells (10 5 ) were injected subcutaneously into the left flank of mice. Tumours were measured with a Vernier calliper daily for 20 days, and the tumour size (w  l) is expressed as mm 2 .

Haemagglutinin-specific T cells

Naive HA-specific CD4 + and CD8 + T cells were purified from 6.5-TCR and CL4-TCR mice, respectively. Spleens and lymph nodes were collected and T cells were purified (Dynabeads Untouched Mouse CD4 + or CD8 + Cells kit; Invitrogen). CD4 + T cells were incubated with anti-CD25 (clone PC61) monoclonal antibody (mAb) for Treg depletion. Naive T cells were further purified based on expression of CD62L (Miltenyi Biotech). Naive CD4 + and CD8 + T cells (10 7 each), depleted of Tregs, were injected intravenously into the mice. Mice were assessed daily for weight and neurological signs.

Anti-CTLA4 and anti-CD8 treatment

For in vivo antibody therapy, the hamster anti-mouse CTLA4 mAb (UC10-4F10-11) was produced by culturing hybridoma cell lines in RPMI 1640 supplemented with low IgG foetal bovine serum. Antibodies were purified from supernatants using protein G purification (GE Healthcare). Mice were treated through intraperitoneal injections of anti-CTLA4 mAb (100 mg/mouse) at Days À1, 0, 

Motor behavioural tests

Motor coordination was assessed with a Rotarod device (Bioseb) with acceleration from 4 to 40 rpm over a 600 s period. For training, mice were tested on seven consecutive days, thrice daily. During the investigation period (Day 0 to Day 20), the latency to fall was measured for each mouse twice daily, and the longest time was recorded. The 100% represents the Day 0 value. To test the spontaneous motor activity an automated actimeter (ActiTrack) was used. This apparatus consists of four 22.5 cm 2 surface areas with 16 surrounding infrared beams coupled to a control unit. The activity was recorded for 10 min every day, and total distance travelled (m) was recorded.

Purification and activation of cerebellum-infiltrating mononuclear cells

Brain-infiltrating mononuclear cell purification was described previously (Martin-Blondel et al., 2015). Briefly, 15 days after tumour implantation, mice were perfused with phosphate-buffered saline (PBS) and their cerebellum was dissected. Mononuclear cells were collected and used for flow cytometry staining or in vitro stimulation with peptides. For the latter, cerebellum-infiltrating mononuclear cells were stimulated in vitro for 16 h with HA 512-520 or control H-2-K d -binding peptide (Cw3 170-179 ) for CD8 + T cells, and HA 110-119 or control H-2-IA d -binding peptide (OVA 323-339 ) for CD4 + T cells. The cells were incubated with GolgiPlug TM (1:1000; BD) and GolgiStop TM (1:1000; BD) for 16 h.

Flow cytometry analysis

Lymph node cells, splenocytes, and tumour-infiltrating cells were stained with anti-Thy1.2 (53-2.1, BD), anti-CD45 (30-F11, Biolegend), anti-CD8 (53-6.7, BD), anti-CD4 (RM4-5, BD), and anti-CD152 (UC10-4B9, eBioscience) mAbs. Cerebellum-infiltrating cells were stained with the following antibodies: anti-Thy1.2, anti-CD45, anti-B220 (RA3-6B2, BD), anti-CD138 (281-2, BD), anti-CD8, anti-CD4, anti-CD11b (M1/70, eBioscience), anti-IFN-(XMG1.2, BD), anti-TNF-(MP6-XT22, BD), and anti-IL-17A (TC11-18H10, BD). 4T1 and 4T1-HA tumour cells were stained with anti-CD80 (16-10A1, eBioscience) and anti-CD86 (GL1, BD) mAbs and in agreement with previous data [START_REF] Ruocco | Suppressing T cell motility induced by anti-CTLA-4 monotherapy improves antitumor effects[END_REF], we found no detectable CD80 and CD86 expression. Data were recorded on an LSRII Fortessa (BD Bioscience) and analysed with the FlowJo software (Tree Star).

Immunohistochemistry

The light microscopical stainings were performed as described (Bien et al., 2012;[START_REF] Bauer | Neuropathological Techniques to investigate central nervous system sections in multiple sclerosis[END_REF]. The primary antibodies used were: anti-Calbindin D28K (1:2000, Swant), anti-CD3 (1:200, SP7, Zytomed), anti-CD8 (1:100, 4SM15, eBioscience), anti-Iba-1 (1:1000, Wako Chemicals), anti-Granzyme B (1:25, Santa Cruz), anti-activated caspase 3 (1:3000, BD), anti-Mac3 (1:200, BD), anti-b2-microglobulin (1:1000, Santa Cruz), and anti-C9neo (a kind gift by Dr Paul Morgan, Cardiff, UK). Staining for immunoglobulin (Ig) was performed using biotinylated donkey-anti-mouse Ig (Jackson). Quantification of immunohistochemistry data was performed by manual counting of Purkinje cells per mm 2 of Purkinje cell layer. In brief, for each mouse, the number of Purkinje cells was determined from five equally sized cerebellar cortex regions (central lobules II, III, simple lobule, ansiform lobule, paramedian lobule) and normalized for the length of the Purkinje cell layer.

Immunofluorescence

The fluorescent stainings were performed as previously described [START_REF] Bauer | Neuropathological Techniques to investigate central nervous system sections in multiple sclerosis[END_REF]. The primary antibodies used were: rabbit anti-Calbindin D28K (1:2000, Swant), mouse anti-Calbindin D28K (1:2000, Sigma), mouse anti-HA37-38 hybridoma supernatant (1:10), rabbit anti-IP3R1 (1:500, ThermoFisher), mouse anti-H-2K d (1:500, ThermoFisher), anti-Granzyme B (1:25, Santa Cruz) and rat anti-CD8 (1:50). Images were analysed using ImageJ software (NIH).

Statistical analysis

Statistical analyses for two sets of data with normal distribution and for paired data were performed using the Student's ttest. Comparisons between multiple groups were performed using the one-way ANOVA (post-test Tukey). For tumour size and weight loss, data were analysed using the two-way ANOVA (post-test Sidak). The analyses were performed on Prism 6 (GraphPad Software). Groups were considered statistically different at a P-value 5 0.05. The data are represented as mean AE SEM (standard error of the mean).

Results

Model of paraneoplastic neurological degeneration

To model experimentally paraneoplastic cerebellar degeneration, we designed a mouse model expressing the influenza virus haemagglutinin (HA) specifically in Purkinje cells. We crossed the Rosa-Stop-HA mice with the L7-Cre mice, which express the Cre recombinase specifically in Purkinje cells. In the resulting L7-HA mice, the stop cassette is excised due to L7-controlled Cre expression, leading to selective expression of HA in Purkinje cells (Fig. 1A). Transcription of HA was detected by reverse transcriptase polymerase chain reaction (RT-PCR) in the cerebellum but not in other organs of L7-HA mice, including the rest of the CNS. Cerebellum of MOG-HA mice, which express HA in oligodendrocytes, was used as a positive control (Saxena et al., 2008) (Fig. 1B). Furthermore, by immunohistofluorescence, we confirmed that HA protein expression was confined to Purkinje cells in L7-HA mice as shown by the co-staining for HA and calbindin (Fig. 1C). As expected, HA expression was not detected in littermate control mice (wild-type). To further model paraneoplastic neurological disorder, L7-HA or wild-type mice were challenged with the 4T1-HA breast cancer cells that express the HA antigen. Given the key role of T cells as effectors of tumour control and paraneoplastic neurological disorder pathogenesis [START_REF] Albert | Paraneoplastic neurological degenerations: keys to tumour immunity[END_REF]Dalmau and Rosenfeld, 2008;[START_REF] Pignolet | Immunopathogenesis of paraneoplastic neurological syndromes associated with anti-Hu antibodies: a beneficial antitumor immune response going awry[END_REF], on the day of tumour implantation, mice were transferred with HA-specific naive CD4 + and CD8 + (CD4/CD8) T cells. CD4/CD8 T cells were capable of partially controlling tumour growth as compared to mice injected with tumour only (Fig. 2A), but they elicited no patent neurological manifestations.

Anti-CTLA4 antibody triggers weight loss and reduced locomotion in L7-HA mice

We next addressed whether treatment with a mAb blocking CTLA4 would increase anti-tumour immunity since a high proportion of T cells activated by the HA-expressing tumour expressed CTLA4/CD152 (Fig. 1D-G). Anti-CTLA4 mAb therapy protected mice almost completely from tumour outgrowth, regardless of their expression of HA in the cerebellum (Fig. 2A). Strikingly, L7-HA mice bearing 4T1-HA tumour and treated with anti-CTLA4 mAb lost weight significantly, from Day 15 onwards (Fig. 2B; P 5 0.0001).

To investigate whether mice also developed neurological signs, we evaluated motor activity. L7-HA mice bearing 4T1-HA tumour and treated with anti-CTLA4 mAb displayed a significant reduction in forced motor activity on the Rotarod during the diseased period (Fig. 2C; P 5 0.0001). Using the actimeter test, we also revealed reduced spontaneous locomotion in 4T1-HA tumour-bearing L7-HA mice that received anti-CTLA4 mAb (Fig. 2D). Importantly, no such clinical manifestations developed in 4T1-HA tumour-bearing wild-type mice treated with anti-CTLA4 mAb or in 4T1-HA tumour-bearing L7-HA mice not treated with anti-CTLA4 mAb (Fig. 2B-D). Collectively, these results show that clinical signs resembling paraneoplastic neurological disorder occur upon CTLA4 blockade, only when the antigen is expressed both in the CNS and tumour.

Therapeutic CTLA4 blockage induces cerebellar inflammation and Purkinje cell loss in L7-HA mice

To uncover the structural defects underlying the phenotype caused by anti-CTLA4 mAb therapy in L7-HA mice, we performed neuropathological analyses. L7-HA mice implanted with 4T1-HA tumour and treated with anti-CTLA4 mAb showed a massive infiltration of T cells in the cerebellum (Fig. 3C). In addition, clear local microglial activation was present in these mice (Fig. 3F). Other brain regions were spared from inflammation (data not shown). Neither T cell infiltration nor microglial activation was detected in the cerebellum of wild-type mice treated with anti-CTLA4 mAb (Fig. 3A andD), or L7-HA mice not treated with anti-CTLA4 mAb (Fig. 3B andE).

CTLA4 blockade also resulted in loss of Purkinje cell soma and dendritic arborization in L7-HA mice (Fig. 3I), but not in control mice (Fig. 3G andH), as detected by calbindin immunostaining. This Purkinje cell loss was further confirmed by IP3R1 immunoreactivity (Fig. 3J), another characteristic marker of Purkinje cells [START_REF] Miyata | Development of Purkinje cells in humans: an immunohistochemical study using a monoclonal antibody against the inositol 1,4,5-triphosphate type 1 receptor (IP3R1)[END_REF]. No detectable Ctla4 mRNA expression was detected in the cerebellum of L7-HA mice, whereas a strong signal was evidenced in the spleen (data not shown). We then quantified the number of Purkinje cells by counting Calbindin + cell bodies in 20 to 40 mm of Purkinje cell layer. A very significant reduction in Purkinje cells was observed in L7-HA mice treated with anti-CTLA4 mAb, in comparison to the other groups (Fig. 3K). The magnitude of Purkinje cell loss was similar between Days 20 and 45, underlining the acute nature of the paraneoplastic autoimmune process (data not shown). Overall, in the 32 L7-HA mice treated with anti-CTLA4 mAb, the mean loss of Purkinje cells was 40%, with marked interindividual variability ranging from 0 to 81% (Fig. 3K). Six L7-HA mice treated with anti-CTLA4 mAb presented normal Purkinje cell density, including five without cerebellar microglia activation and T cell infiltration. Collectively, these data suggest that the penetrance of disease is not 100% in our model. Thus, in L7-HA mice treated with anti-CTLA4 mAb, paraneoplastic neurological disorder is the consequence of massive cerebellar inflammation associated with the destruction of onconeural antigen-expressing Purkinje neurons.

Immune mechanisms of Purkinje cell death in L7-HA mice with paraneoplastic neurological disorder

To gain insight into the immune cells responsible for Purkinje cell loss the cerebellum of L7-HA mice with paraneoplastic neurological disorder was further studied by flow cytometry. Contrasting with control mice, the cerebellum of L7-HA mice with paraneoplastic neurological disorder harboured CD45 high CD11b low lymphocytes as well as CD45 high CD11b high myeloid cells (Fig. 4A). Some B cells (13.2 AE 3.4% of blood-derived CD45 high cells) including a small number of CD138 + plasma cells (range 24 to 90 cells/cerebellum, n = 14) were present on Day 15 after disease induction. T cells were the dominant population with a mean of 2000 (range 3 to 9219 cells, n = 12) CD4 + and 1300 (range 2 to 7405, n = 12) CD8 + T cells. We then assessed the antigen specificity of these cerebelluminfiltrating T cells. Few CD4 + T cells reacted ex vivo to HA peptide by production of either IL-17 or IFN-(Fig. 4B). By contrast, cerebellum-infiltrating CD8 + T cells exhibited a marked HA-specific production of IFN-and TNF-(Fig. 4C). These data indicate that HA-specific CD8 + T cells are enriched in the cerebellum of L7-HA mice with paraneoplastic neurological disorder.

To further dissect the interaction between CD8 + T cells and Purkinje cells, immunohistological investigations were conducted in L7-HA mice exhibiting marked ongoing loss of Purkinje cells and their neighbouring dendritic tree (Fig. 5A andB). Numerous CD8 + T cells were localized in close contact with Purkinje soma or along their dendrites (Fig. 5C andD). In some instances, intimate interactions between CD8 + T cells and Purkinje cells were evidenced, with indentation of the neuronal surface and polarization of the cytolytic granules towards the CD8 + T cell/Purkinje cell interface (Fig. 5E andF). Possibility of direct targeting of Purkinje cells by HA-specific cytotoxic CD8 + T cells was further strengthened by in situ detection of MHC class Iexpression in Purkinje neurons (Fig. 5G). In L7-HA mice with paraneoplastic neurological disorder, some Purkinje cells exhibited DNA fragmentation (Fig. 5H) and caspase 3 activation (Fig. 5I), indicating ongoing apoptosis. Neuronophagia of cells with Purkinje-like morphology by macrophages/microglia was also detected (Fig. 5J). We also assessed Ig deposition and complement activation in the cerebellum of these mice. Whereas Ig leaked into the cerebellum due to blood-brain barrier disruption (Supplementary Fig. 1A), there was neither Ig binding (Supplementary Fig. 1B) nor C9neo deposition (Supplementary Fig. 1C) on Purkinje cells. Therefore, our data suggest that the humoral immune response does not play a main role in this model. Together, these findings indicate that cerebellar inflammation is associated with MHC class I expression on Purkinje cells, physical contact with CD8 + T cells, which polarize their lytic granules towards the neurons, strongly suggesting that cytotoxic T cells deliver a lethal hit to Purkinje cells in an antigen-specific manner. To further explore the in vivo role of CD8 + T cells in our model, we treated mice with a depleting anti-CD8 mAb. Whereas mice treated or not with control IgG exhibited loss of Purkinje cells (mean loss of 36 and 44%, respectively), the five mice treated with the depleting anti-CD8 mAb did not (data not shown). Finally, we wondered whether analogous immunological events could contribute to Purkinje cell targeting in human paraneoplastic neurological disorder in which autoantibodies have no demonstrated pathogenic effect. Confirming a previous report [START_REF] Aboul-Enein | Neocortical neurones may be targeted by immune attack in anti-Yo paraneoplastic syndrome[END_REF], close apposition between CD8 + T cells and remaining calbindin + Purkinje cells was detected in patients with anti-Hu or anti-Ma2 antibody-associated encephalitis with prominent cerebellar involvement (Fig. 5K andL).

Discussion

Using a mouse model prone to develop paraneoplastic neurological disorder, we explored the delicate balance between tumour immunity and autoimmunity. As expected, the anti-tumour T cell response was sufficient to reduce tumour growth. Similar to the human situation, anti-CTLA4 mAb, which antagonizes an inhibitory pathway in T cells, increased the efficacy of this anti-tumour immunity. Strikingly, however, this enhanced tumour control was obtained at the expense of autoimmune paraneoplastic neurological disorder. Actually, without anti-CTLA4 therapy, none of the studied animals developed cerebellar inflammation, whereas the use of anti-CTLA4 mAb led to cerebellar inflammation in 27/32 mice (84%).

Anti-CTLA4 therapy promotes anti-tumour immunity through several converging mechanisms in both mice and humans [START_REF] Allison | Checkpoints[END_REF]. In mice, anti-CTLA4 treatment depletes Treg cells selectively from tumour via Fc receptor-expressing local macrophages, while the absolute numbers of effector T cells are increased [START_REF] Simpson | Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines the efficacy of anti-CTLA-4 therapy against melanoma[END_REF]. In addition, CTLA4 blockade on effector T cells, notably on cytotoxic CD8 + T cells, appears essential for the enhanced anti-tumour response following anti-CTLA4 therapy. In that respect, human studies have shown that CTLA4 blockade therapy increases the amplitude of Importantly, CTLA4 deficiency is associated with multitissue lymphocytic infiltration and damage of likely autoimmune origin [START_REF] Waterhouse | Lymphoproliferative disorders with early lethality in mice deficient in Ctla-4[END_REF][START_REF] Ise | CTLA-4 suppresses the pathogenicity of self antigen-specific T cells by cell-intrinsic and cell-extrinsic mechanisms[END_REF]. Here again, CTLA4 maintains T cell tolerance by regulating the pathogenicity of autoantigen-specific T cells by both effector T cell autonomous effects and non-cell autonomous mechanisms, involving Treg cells [START_REF] Wing | CTLA-4 control over Foxp3 + regulatory T cell function[END_REF][START_REF] Ise | CTLA-4 suppresses the pathogenicity of self antigen-specific T cells by cell-intrinsic and cell-extrinsic mechanisms[END_REF]. Furthermore, patients with CTLA4 haploinsufficiency present multi-tissue inflammation, including brain and cerebellar involvement [START_REF] Kuehn | Immune dysregulation in human subjects with heterozygous germline mutations in CTLA4[END_REF]Schubert et al., 2014). Partly mirroring these data, anti-CTLA4 therapy has been associated with immune-related adverse events in $60% of treated patients [START_REF] Bertrand | Immune related adverse events associated with anti-CTLA-4 antibodies: systematic review and meta-analysis[END_REF]. In particular, CNS autoimmunity is part of the spectrum of immune-related adverse events of anti-CTLA4 therapy. Indeed, autoimmune hypophysitis has been widely recognized as a frequent side effect of ipilimumab therapy [START_REF] Iwama | Pituitary expression of CTLA-4 mediates hypophysitis secondary to administration of CTLA-4 blocking antibody[END_REF][START_REF] Bertrand | Immune related adverse events associated with anti-CTLA-4 antibodies: systematic review and meta-analysis[END_REF]. Exacerbation of pre-existing autoimmune disease has also been reported in patients with advanced melanoma treated with ipilimumab [START_REF] Johnson | Ipilimumab therapy in patients with advanced Melanoma and preexisting autoimmune disorders[END_REF]. Whether de novo development of autoimmune side effects is related to genetic susceptibility or to pre-existing serologic evidence for autoantibodies is currently unknown.

In our mouse model, immune checkpoint therapy elicited migration of antigen-specific T cells into the cerebellum and subsequent killing of neurons, only when the antigen was expressed in neurons. Our data strongly suggest that CD8 + T cells play a final effector role by specifically killing MHC class I-expressing Purkinje cells in paraneoplastic cerebellar degeneration. Purkinje cells have indeed been reported to express MHC class I molecules (McConnell et al., 2009), a feature confirmed here both in vitro upon IFN-incubation and in vivo. Based on these data and on the strong production of IFN-by cerebellum-infiltrating CD8 + T cells, it is tempting to speculate that a pathogenic feed-forward loop takes place. This involves IFN-secretion by CD8 + T cells upon local recognition of onconeural antigens that further promotes MHC class I presentation by neurons, in turn rendering them vulnerable to killing by antigen-specific CD8 + T cells. A similar scenario is likely at play in human paraneoplastic neurological disorders with autoantibodies against intracellular neuronal antigens. Indeed, an IFNsignature has been reported in the CSF of such patients [START_REF] Roberts | A destructive feedback loop mediated by CXCL10 in central nervous system inflammatory disease[END_REF]. Additionally, CDR2-specific CD8 + T cells are present in the blood and CSF of patients with paraneoplastic cerebellar degeneration (Albert et al., 1998(Albert et al., , 2000) ) and they can kill CDR2-expressing target cells in an HLA-restricted manner (Santomasso et al., 2007). Finally, in situ evidence for direct killing of neurons by cytotoxic T cells has been documented by converging studies (Bien et al., 2012). Our still images from the experimental model and from tissue of patients with paraneoplastic neurological disorder point to a possible T cell cooperation for killing, as some target neurons are contacted simultaneously by two or more CD8 + T cells. This feature was recently associated with high probability of target cell death using dynamic two-photon imaging in experimental models of viral infection [START_REF] Halle | In Vivo Killing Capacity of Cytotoxic T Cells Is Limited and Involves Dynamic Interactions and T Cell Cooperativity[END_REF].

Our data highlight the induction of paraneoplastic neurological disorder after therapeutic blockade of CTLA4, raising the concern that checkpoint inhibitors, by enhancing anti-tumour immunity, may inadvertently increase the likelihood for paraneoplastic neurological disorders. Paraneoplastic neurological disorder development has been associated with a better control of the underlying tumour, attributed to a partly efficient anti-tumour adaptive immunity [START_REF] Pignolet | Immunopathogenesis of paraneoplastic neurological syndromes associated with anti-Hu antibodies: a beneficial antitumor immune response going awry[END_REF]. In addition, the oncologic response to anti-CTLA4 therapy correlates with immune-related adverse events [START_REF] Bertrand | Immune related adverse events associated with anti-CTLA-4 antibodies: systematic review and meta-analysis[END_REF]. Gynaecologic cancers and certain cancers of neuroectodermal origin are particularly associated with paraneoplastic neurological disorders. Consequently, the enhanced and diversified anti-tumour T cell response promoted by anti-CTLA4 therapy could lead to paraneoplastic neurological disorder, in patients harbouring these types of cancers. As suggested, based on theoretical grounds [START_REF] Pignolet | Immunopathogenesis of paraneoplastic neurological syndromes associated with anti-Hu antibodies: a beneficial antitumor immune response going awry[END_REF]Steinman, 2014), our experimental model argues that immune checkpoint inhibitors may favour paraneoplastic neurological disorder development. Interestingly, two cases of autoimmune encephalomyelitis developing after the first injection of immune checkpoint inhibitors have been recently reported [START_REF] Williams | Association of autoimmune encephalitis with combined immune checkpoint inhibitor treatment for Metastatic cancer[END_REF]. The sero-prevalence of anti-neuronal autoantibodies can be as high as 29% in patients with small cell lung cancer [START_REF] Pignolet | Immunopathogenesis of paraneoplastic neurological syndromes associated with anti-Hu antibodies: a beneficial antitumor immune response going awry[END_REF][START_REF] Gozzard | Paraneoplastic neurologic disorders in small cell lung carcinoma: a prospective study[END_REF] and anti-neuronal antibodies are associated with T cells with the same specificity (Albert et al., 2000). Therefore, a close monitoring of neurological symptoms is warranted, at least in the subgroup of patients with anti-neuronal autoantibodies, when immune checkpoint inhibitors are being used. 

Introduction

Paraneoplastic neurological disorders (PNDs) are neurological manifestations associated with cancer that do not originate from tumor growth or the metabolic, infectious and toxic complications of malignancy and/or its treatment. This group of syndromes is highly diverse in terms of tissue damage and clinical signs. PNDs develop in the frame of naturally occurring antitumor immune responses. The targets of such an immunological response against malignant cells are self antigens physiologically expressed by the normal nervous system and ectopically expressed by cancer cells. One of the most frequent PND is the paraneoplastic encephalomyelopathy/paraneoplastic sensory neuronopathy (PEM/PSN). PEM/PSN has also been named anti-Hu antibody-associated (or simply anti-Hu) syndrome, after its linkage with high circulating levels of anti-Hu antibodies has been appreciated.

Clinical Aspects of the Anti-Hu Syndrome

In 85% of the cases, the anti-Hu syndrome is associated with lung cancer, mostly small-cell lung cancer (SCLC). More rarely, it develops in association with extrathoracic neoplasms such as neuroblastoma or intestinal, prostate, breast, bladder, and ovary carcinomas. Some patients affected by the anti-Hu syndrome present more than one primary cancer. Neurological manifestations compatible with the diagnosis of PEM/PSN have been observed in 1.4% of 432 SCLC patients and much more rarely in individuals bearing other types of cancer. 1,2 A polyclonal antibody response against nuclear antigens expressed in the central nervous system (CNS), enteric neurons and dorsal root ganglion neurons, but not in other adult normal tissues was first identified in 1985 in 2 patients presenting SCLC associated with subacute sensory neuropathy. 3 The expression "anti-Hu antibodies" was coined based on the first 2 letters of the surname of these patients. Anti-Hu antibodies were soon detected in multiple patients manifesting a rapid development of diverse neurological manifestations, including sensory neuropathy, cerebellar ataxia, limbic encephalitis, brainstem encephalitis, myelitis, or intestinal pseudo-obstruction. Anti-Hu antibodies are in fact frequently detected in multiple of the above-mentioned syndromes occurring in a paraneoplastic context. Interestingly, high titers of anti-Hu antibodies are absent in SCLC patients who do not exhibit neurological disorders.

Of major clinical importance, these neurological manifestations precede the diagnosis of the cancer in more than 80% of the cases. Therefore, the detection of high circulating titers of anti-Hu antibodies in patients with a neurological condition indicates a paraneoplastic syndrome and should lead to a very thorough search of the underlying neoplasm. In some instances, the tumor Paraneoplastic neurological disorders (PNDs) are syndromes that develop in cancer patients when an efficient antitumor immune response, directed against antigens expressed by both malignant cells and healthy neurons, damages the nervous system. Herein, we analyze existing data on the mechanisms of loss of self tolerance and nervous tissue damage that underpin one of the most frequent PNDs, the anti-Hu syndrome. In addition, we discuss future directions and propose potential strategies aimed at blocking deleterious encephalitogenic immune responses while preserving the antineoplastic potential of treatment.

is discovered only post-mortem or never, indicating either a complete disease regression 4 or the occurrence of such autoimmune neurological manifestations independent of neoplasia. Indeed, cases of limbic encephalitis associated with anti-Hu antibodies but not with cancer have been described in children. 5 A spontaneously regressing or occult neuroblastoma cannot be formally excluded in these rare cases.

Interestingly, tumors exhibit a significantly less severe course and a lower propensity to generate metastases in patients with PEM/PSN than in patients who do not develop PNDs. 6,7 The effect on tumor spread and overall survival is however moderate, and only 30% of patients survive for more than 2 y. 7,8 In as much as 60% of the cases, the prognosis of the patients is determined by the outcome of the neurological disorders rather than by tumor progression. 9 Of note, SCLC patients who do not manifest PNDs but harbor low titers of anti-Hu antibodies experience tumors of low stage, frequently respond to therapy, and live longer than cancer patients not producing anti-Hu antibodies. 10,11 These findings reinforce the hypothesis that effective antitumor immune responses targeting Hu antigens may be dissociated from autoimmune manifestations.

As anti-Hu antibodies bind to antigens expressed both in malignant cells and healthy neurons, it was tempting to hypothesize that the anti-Hu syndrome could be an autoimmune disease triggered by cancer. This is reminiscent of vitiligo, developing in certain cases of melanoma, 12 although in the case of PNDs, the cells targeted by the autoimmune process belong to a different tissue than their malignant counterparts, i.e., the immunoprivileged CNS.

Hu Antigens

Hu antigens in healthy neurons

The search for the molecular targets of anti-Hu antibodies led to the identification of 3 proteins of approximate molecular weight of 35-38 KDa expressed in the CNS. In malignant cells, the 38 KDa band is not detected. Screening a cDNA expression library from the human cerebellum with the sera of patients affected by the anti-Hu syndrome allowed for the cloning of the highly homologous genes HuD (official name: ELAV like neuron-specific RNA binding protein 4, ELAVL4), HuC, (official name: ELAV like neuron-specific RNA binding protein 3, ELAVL3) and HuB (official name; ELAV like neuron-specific RNA binding protein 2, ELAVL2; also known as Hel-N1). The Hu family actually consists of 4 members: HuA (official name: ELAV like RNA binding protein 1, ELAVL1; also known as HuR), HuB, HuC, and HuD. These proteins share extensive homology and are highly-conserved across species. 13 HuA, the most divergent, is ubiquitously expressed 13,14 and is not recognized by paraneoplastic antibodies. In contrast, HuB, HuC, and HuD expression is restricted to neurons, which all express one or more of these proteins. 13 The Hu proteins are highly homologous to the Drosophila melanogaster nuclear protein ELAV (embryonic lethal abnormal visual), which plays a key role in neuronal development. 15,16 HuB, HuC, and HuD operate as neuron-specific RNA-binding proteins. They contain 3 distinct RNA recognition motifs that bind to AU-rich sequences, which often characterize the 3′ untranslated region of mRNAs and control their expression. 17 Indeed, the Hu proteins have been implicated in mRNA stabilization and RNA turnover. 18,19 Among various target mRNAs, HuD has recently been shown to bind, hence stabilizing, the brain-derived neurotrophic factor (BDNF)-coding mRNA. 20 Moreover, neuronal Hu proteins have been shown to bind pre-mRNA species, thus regulating their alternative splicing. 21 HuD is highly expressed in the nucleus, but also translocates to the cytoplasm, where it localizes within small granules. 22 The cytoplasmic localization of HuD appears to be essential for neuronal differentiation. 23 In addition, HuD has been shown to interact with AKT1 to trigger the outgrowth or neurites. 24 Thus, Hu proteins, in particular HuD, have a major impact on multiple key neuronal processes.

Hu antigens in malignant cells

Whereas HuB, HuC, and HuD are all expressed in CNS neurons, HuD is Hu antigen most frequently expressed by SCLC cells. This is a consistent observation in SCLC patients, irrespective of whether they develop PEM/PSN or not. 6,25 The HuDcoding mRNA has also been detected in SCLC cell lines. 26 No somatic mutations or deletions/insertions affecting HuD have been observed in SCLC cell lines or tumors, including those from patients with PEM/PSN. 27-29 However, a fine analysis of the post-translational modifications of HuD in cancer cells from patients developing or not PNDs has not been performed to date. Indeed, malignant cell-specific post-translational modifications of HuD may favor the development of an immune response that cross-reacts with neuronal Hu proteins. Moreover, the possible function(s) of HuD in the tumor biology, if any, has not been uncovered so far. SCLC and many cancers associated with PEM/ PSN exhibit a neuroectodermal origin. The neuroectoderm includes the neural crest (melanocytes, dorsal root ganglia, ganglia of the autonomous nervous system, adrenal glands, Schwann cells,…) and the neural tube (brain, spinal cord, retina, neurohypophysis). As a result, most SCLCs are composed of cells with a neuroendocrine phenotype, characterized by elevated expression levels of L-dopa decarboxylase, neuron-specific enolase, and neuropeptides. 30 These features resemble those of neural crest-derived endocrine cells disseminated in the normal bronchial mucosa. Such a shared embryonic origin could explain the expression of HuD by SCLC cells.

Autoimmune responses against Hu proteins

Humoral responses

The serum of patients with the anti-Hu syndrome reacts with HuB, HuC, and HuD. Since HuD is the only Hu protein consistently expressed by SCLCs, 25 it is the most likely initiator of autoimmune response against Hu antigens.

The presence of anti-HuD antibodies can be revealed using a large variety of techniques. The initial screening is generally performed by indirect immunohistochemistry on frozen sections of healthy human or rodent cerebral cortex, which results in a strong nuclear and weak cytoplasmic staining in the presence of anti-HuD antibodies (Fig. 1A). To firmly identify the antigenic targets, immunoblotting is performed as a complementary test (Fig. 1B), using either neuronal nuclear extracts or recombinant HuD. 31-33 ELISA can also be used, but its sensitivity appears to be lower than that than of immunoblotting on purified HuD. 33 The titers of circulating anti-Hu antibodies usually ranges from 2000 to 64 000 fold dilution in patients with PEM/PSN. 32,34 Elevated serum titers of anti-Hu antibodies provide a highly valuable diagnostic biomarker. Conversely, low levels of anti-Hu antibodies can be detected in the absence of PNDs in 16 to 22.5% of SCLC patients and in less than 1% of patients with other malignancies. 10,33,35 The anti-HuD IgG response is polyclonal and subclass distribution analyses revealed that anti-Hu IgGs belong predominantly to the IgG1 and IgG3 isotypes. 34,36,37 The HuD domains encompassing residues 90-101 and 171-206 are recognized by all anti-Hu serum samples. Conversely, the 223-234, 235-252, and 354-373 epitopes only react with sera of some patients with the anti-Hu syndrome. 38 The titers of anti-Hu antibodies in the cerebrospinal fluid (CSF) vary from 100 to 4000 fold dilution, pointing to intrathecal synthesis. 32,39,40 Indeed, when adjusted to the same IgG concentration, the CSF/serum anti-Hu antibody index is > 1 in 86% of patients with paraneoplastic encephalomyelopathy. 39 In patients exhibiting a CSF/serum antibody index > 1.5, a strong indication of the oligoclonal intrathecal synthesis of HuD-specific IgGs was obtained using isoelectric focusing followed by immunoblotting on HuD-loaded nitrocellulose membranes. 41 Collectively, these findings indicate that anti-HuD autoantibodies are produced intrathecally in patients with robust CNS involvement. However, patients presenting with isolated PSNs do not exhibit intrathecal anti-Hu antibody synthesis. 32 Interestingly, plasmapheresis succeeds in reducing the levels of anti-Hu autoantibodies in the serum but not in the CSF. 39 Anti-Hu antibodies persist over time in the serum of SCLC patients with PEM/PSN while SCLC patients who do not develop PND remain seronegative. 42 Importantly, 8-40% of the patients with PEM/PSN and anti-Hu antibodies also harbor autoantibodies targeting other neural antigens. 35,43,44 Functional properties of anti-Hu antibodies Since anti-Hu antibodies target intracellular antigens, their pathogenic and antitumor potential is questionable. Interestingly, a study documented the expression of Hu-related antigens on the surface of SCLC and neuroblastoma cell lines. 45 Whether neurons exhibit a similar expression pattern of Hu proteins is currently undetermined.

Experimentally, the contribution of anti-Hu antibodies to the development of PEM/PSN has been investigated in vitro, in cell cultures, and in vivo, upon injection of human antibodies to laboratory animals. In vitro, monoclonal antibodies specific for HuD have been shown to promote the apoptotic demise of neuroblastoma cell lines and primary myenteric neurons. 46 The serum or IgG preparations from patients with the anti-Hu syndrome could also kill human HuD-expressing cell lines and primary rodent neurons, a phenomenon that was accelerated in the presence of the complement system. 46-48 However, this observation is not universal, and the lack of cytotoxic effects of anti-Hu positive sera on HuD + cancer cells or primary murine neurons has also been reported. 49,50 Moreover, even when neuronal cytotoxicity was observed, the specificity of the pathogenic autoantibodies was questioned, as the patients' IgGs, but not an anti-HuD monoclonal antibody tested alongside, mediated such an effect. 48 As discussed above, the serum of patients with PND often contain multiple neuron-targeting autoantibodies, some of which recognize surface receptors. Therefore, unless proper specificity assays are conducted, for instance upon pre-absorbing IgG preparations on recombinant HuD, formal conclusions regarding the impact of anti-Hu antibodies on neuronal viability are difficult to reach.

The intravenous administration of IgGs from patients with PEM/PSN and high titers of anti-Hu antibody to mice did not result in any CNS lesion. 51,52 In addition, all attempts to generate rodent models of the anti-Hu syndrome upon immunization with recombinant HuD failed to induce any signs of disease, CNS inflammation or neuronal degeneration, despite the development of high circulating titers of anti-HuD antibodies. 51,53 Thus, although the presence of high anti-Hu titers in PND patients represents a highly valuable diagnostic tool, their role in disease pathogenesis appears at best dubious. Nevertheless, these autoantibodies reflect a strong autoimmune/antitumor immune response in which autoreactive T cells, specific for HuD or other self antigens, are likely to be involved.

T cell responses

The peripheral blood mononuclear cells (PBMCs) of SCLC patients with the anti-Hu syndrome exhibit an accumulation of activated HLA-DR + CD4 + T cells and memory CD45RO + CD4 + helper T cells as compared with anti-Hu antibody-negative SCLC patients. 54,55 An increase in activated CD8 + T cells in these patients has also been reported. 55 CD25 bright CD4 + FOXP3 + T cells of untested immunosuppressive potential are elevated in SCLC patients regardless of the development of PEM/PSN. However, a reduced expression of FOXP3-, transforming growth factor β1 (TGFβ1)-and cytotoxic T lymphocyte-associated protein 4 (CTLA4)-coding mRNAs has been detected in regulatory T cells from SCLC patients with PEM/PSN, suggesting a defect in their immunosuppressive activity. 56 Consistent with the pleiocytosis observed in diagnostic CSF analyses, 57 increased amounts of T cells, mostly memory CD4 + and CD8 + T cells, characterize the CSF of patients with the anti-Hu syndrome. 58 The involvement of (most often circulating) autoreactive T cells in the anti-Hu syndrome has been investigated using a variety of methodological approaches. The PBMCs of SCLC patients with high anti-Hu antibody titers proliferate more vigorously in response to HuD and secrete abundant interferon γ (IFNγ), but not IL-4, as compared with PBMCs from SCLC patients without anti-Hu antibodies. 54 HuD is therefore a likely antigenic target for primed autoreactive CD4 + T cells, presumably of the T H 1 subtype, implicating cell-mediated immunity in the anti-Hu syndrome. However, CD4 + T-cell depletion, purification or blockade experiments using anti-HLA class II antibodies have not yet been performed, and would be needed to unambiguously identify the responding cell type.

CD8 + T cells are considered to be the killer cell by excellence and are suspected to play a key pathogenic role in paraneoplastic cerebellar degeneration, another type of PND. 59,60 In addition, solid tumors can express high level of MHC class I molecules and accumulating data indicate that MHC class I molecules can be upregulated on neurons, in particular during inflammatory conditions. 61 Thus, both cancer cells and neurons could be the targets of CD8 + T cells. However, in the past decade, efforts to identify HuD-specific CD8 + T cells in SCLC patients with the anti-Hu syndrome, using a combination of cytokine release assays and flow cytometry based on HLA:HuD peptide tetramers, have yielded conflicting observations. Indeed, some investigators have reported negative results, 62,63 while others have found consistent evidence for such HuD-specific CD8 + T cells. 64-66 This discrepancy may relate to the methodological approaches employed by these groups. Alternatively, it could be connected to timing, as the PBMCs of patients assessed within the first 3 mo of PEM/ PSN onset exhibited more robust IFNγ ELISPOT responses to HuD-derived peptides than the PMBCs of patients tested later. 65 Finally, the abovementioned discrepancy may reflect the assay used for the detection of HuD-specific CD8 + T cells. Indeed, in a study involving 4 HLA-A03:01-expressing patients with the anti-Hu syndrome, the PBMCs of only one were found to exhibit a classical cytotoxic profile with IFNγ secretion in response to the HuD 140-148 peptide. Surprisingly, the PBMCs of 2 patients displayed a robust production of interleukin (IL)-5 and IL-13 in response to HuD 164-172 stimulation, but almost undetectable cytotoxicity or IFNγ production. 67 Of note, the PBMCs of none of the control subjects exhibited any type of response to HuDderived peptides. These data suggest that anti-HuD CD8 + T-cell responses could be skewed toward a type 2, non-cytotoxic, profile in some patients with the anti-Hu syndrome, a pattern that could be easily missed using usual functional assays. However, whether the type of CD8 + T-cell response observed in PBMCs is reflective of what occurs within neoplastic lesions and in the nervous system is unknown. If so, how the effective antitumor response and neurological damage could be mechanistically explained?

Finally, it is possible that autoreactive T cells in the anti-Hu syndrome recognize additional or alternative neuronal antigens. Indeed, although antigens recognized by autoantibodies and autoreactive T cells largely overlap in most organ-specific autoimmune diseases, this is not necessarily the case. 68 This aspect has not yet received adequate attention.

How is immune tolerance to neuronal Hu antigens broken in patients with PEM/PSN?

Studies performed in mice revealed that HuD-specific CD8 + T cells can be elicited upon immunization with recombinant adenoviruses expressing full-length HuD. 69 However, the need for adjuvants and for further in vitro stimulation to detect HuDspecific CD8 + T cells point to a reduced frequency of HuDspecific T-cell precursors, their limited functional avidity, and/or to the existence of robust immunosuppressive network that operate in vivo to maintain these cells under control. The robust ex vivo CD8 + T-cell response generated in HuD-deficient, but not in wild-type, mice provided direct evidence for partial induction of tolerance to HuD under physiological conditions. 69 Interestingly, HuD is expressed, although at low levels, by MHCII high thymic medullary epithelial cells and thymic CD8 + dendritic cells (http://immgen.org/). Importantly, patients with the anti-Hu syndrome do not manifest autoimmune reactions in tissues other than the nervous system, underlining the selective breakdown of tolerance to HuD, but not other Hu antigens such as HuA.

However, up to 40% of patients with the anti-Hu syndrome harbor autoantibodies specific for other neuronal proteins, such as the P/Q type voltage-gated calcium channel (associated with Lambert-Eaton myasthenic syndrome), indicating that self sensitization is not exquisitely directed to Hu antigens. 43 Given the constant expression of HuD by SCLC cells, it is currently unclear why some patients develop PEM/PSN whereas others do not. Parameters intrinsic to the tumor and/ or to the host may contribute to this range of variability. In patients with SCLC and the anti-Hu syndrome, MHC class I molecules were detected by immunohistochemistry at moderate or high levels in the neoplastic lesions of 13 out of 15 cases, whereas such levels were observed in none of 11 SCLC patients who did not develop PEM/PSN. In addition, the focal expression of HLA-DR was more frequent in tumors from SLCL patients with the anti-Hu syndrome than in patients without (6/15 vs 0/11). 42 As a cause or consequence of this HLA expression pattern, tumors from PND patients may be heavily infiltrated with inflammatory cells. 70 However, a thorough comparison of the cellular and molecular immune signature of neoplastic lesions from patients who developed or not PNDs has not yet been performed. This is highly relevant since the type, density, and location of tumor-infiltrating immune cells as well as the expression of genes related to immunological functions carry prognostic and predictive value. 71 As mentioned earlier, either cancer cell-specific post-translational modifications of HuD and an unusual antigen processing within neoplastic lesions could favor the development of autoimmune responses targeting neuronal Hu. Such mechanisms have been implicated in tissue-specific autoimmune diseases in non-paraneoplastic contexts. 68,72,73 As for host factors, the HLA-DR3 and HLA-DQ2 have been associated with the anti-Hu syndrome in one study, 74 but not in a second one assessing only DR alleles. 75 To date, no other genetic polymorphisms have been associated with PEM/PSN.

Here is a plausible scenario for the development of an autoimmune reaction against Hu proteins in patients with cancer of neuroectodermal origin. Although all SCLCs express HuD, the cross-presentation of HuD by dendritic cells and the activation of an efficient anti-Hu T-cell response is expected to occur only in a subset of patients, based on the available T-cell repertoire and genetic polymorphisms impacting on the magnitude and quality of the immune response, such as those within the HLA locus. The priming of a T-cell response specific for HuD (and possibly other onconeural antigens) may be sustained within the neoplastic lesion itself, owing to the ability of malignant cells to express MHC molecules, possibly resulting in the inhibition of tumor growth. Since 15% of SCLC patients harbor low circulating titers of anti-Hu antibodies in the absence of neurological manifestations, HuDspecific immune responses might need to exceed a minimal threshold to overcome the relative immune privilege of the CNS. Above such a threshold, the HuD-specific immune response is expected to involve the CNS, as documented by the intrathecal synthesis of HuD-specific IgGs, 41 as well as by the detection of HuD-specific CD8 + T cells in the CSF. 67 This chronic autoimmune reaction ultimately leads to neuronal destruction and fixed neurological disability (Fig. 2). The stabilization of neurological signs as well as the disappearance of anti-Hu antibodies has been associated with complete tumor response to therapy. 7,76 These data suggest that malignant cells fuel the autoimmune process through the release of tumor-associated antigens.

Mechanisms of Tissue Damage in the Nervous System

The anti-Hu paraneoplastic syndrome is a heterogeneous disorder with highly diverse clinical and pathological manifestations Tissue-resident dendritic cells capture antigens derived from malignant cells, including HuD (A). After the homing of these dendritic cells to tumor-draining lymph nodes, tumor-associated antigens, including HuD, are processed and presented to activate antigen-specific CD4 + and CD8 + T cells (B). The activation of tumor-specific T cells may also occur within neoplastic lesions. In either case, tumor-specific T cells can reach neoplastic lesions. As cancer cells sometimes express MHC class I molecules and likely present HuD-derived peptides, they become attractive targets for HuD-specific CD8 + T cell killing. Partial (or in rare cases complete) control of the tumor growth is therefore afforded (C). In parallel, the HuD-specific T cells activated in tumor-draining lymph nodes and/or within neoplastic lesions, circulate and acquire the capacity to cross the blood-brain-barrier (D). In the central nervous system (CNS), neurons can also express MHC class I molecules, in particular under inflammatory conditions, and can therefore present peptides derived from the highly homologous HuD, HuB, HuC proteins. Thus, neurons become additional targets for HuD-specific CD8 + T cells, resulting in neuronal tissue damage and the related paraneoplastic neurological manifestations (E).

in terms of lesion sites, inflammatory infiltrates, and neuronal damage. Despite this heterogeneity, a good correlation exists between the location and magnitude of neuronal loss or tissue damage and the type and severity of the clinical signs. Variable regions of the nervous system can be affected, with a preferential targeting of the hippocampus, lower brain stem, spinal cord, and dorsal root ganglia (DRG). 9,77,78 However, the cortex, medulla, amygdala, putamen, cingulate gyrus, and pons can also be affected. 77,78 Neuropathological lesions are usually more widespread than anticipated based on clinical data. In the affected areas, neuronal loss, axonal damage, reactive gliosis, and microglial nodules are conspicuous. 79 In contrast, there is no evidence of astrocyte and oligodendrocyte loss or demyelination. 79 Ongoing neuronal apoptosis is either lacking or only occasionally detected, possibly a result of the subacute/chronic course of the disease or the post-mortem origin of the tissue under investigation. 77,79 In patients with PEM/PSN, IgG deposits are detected in the nervous tissue, predominantly in the nuclei of CNS and DRG neurons, and to a lesser degree in the cytoplasm. 10,37,80 This cellular distribution is highly reminiscent of the staining pattern observed with anti-Hu antibodies. The extraction of IgGs deposited in nervous tissues revealed that at least part of these IgGs are indeed anti-Hu antibodies. In some patients, abundant IgG deposits have been detected on the neuronal surface, 37 suggesting the co-existence of additional anti-neuron autoantibodies. The amount of anti-Hu IgGs in specific areas of the nervous system is higher than its serum counterpart. 80 However, the major clinical signs do not correlate with the localization of anti-Hu IgGs, as assessed by histology. 78,80 Furthermore, in mice transferred with IgG from patients affected by the anti-Hu syndrome, intraneuronal IgG deposits were no longer detected if the animals were perfused before brain tissue processing. 51 The question of whether the anti-Hu IgGs deposited in the neuronal tissue of patients with PEM/PSN represents an artifact or a phenomenon of potential pathogenic relevance is therefore raised. Irrespective of this issue, which requires further investigation, the complement system does not seem to play a significant role in the pathogenesis of the anti-Hu syndrome. Indeed, parenchymal C3 immunoreactivity is weak or absent and no C9neo staining (a marker of complement-mediated tissue injury) is observed in affected brain areas. 37,77,79,81 Inflammatory infiltrates are commonly found in DRG as well as in the CNS perivascular space and parenchyma. They are mainly composed of T cells, whereas natural killer (NK) cells are absent. 37,77,79,81 B cells are occasionally detected in the perivascular cuffs and meninges but they rarely infiltrate the brain parenchyma. In inflamed tissues, macrophages are mostly restricted to the perivascular space, whereas CD68 + microglial cells are found in the parenchyma. 37,77,82,83 Among T lymphocytes, CD4 + T cells are mainly located in perivascular areas, whereas CD8 + T cells represent by far the major component of the parenchymal infiltrates. 37,77,79,82,83 CD8 + T cells usually form clusters and frequently localize around neurons. 77,79 Immunohistochemical analyses revealed a close contact of cytotoxic granule-containing T cells with neurons in the brain tissue or DRG of patients with the anti-Hu syndrome, with, in some instances, indentation of the neuronal surface by the "attacking" CD8 + T cells. 83 MHC class I molecules has been shown to be expressed on neurons in the inflamed nervous tissue from patients with PEM/PSN. 79,84 In this context, the close apposition of CD8 + T cells with neurons and the polarization of membranous CD107a 79 may reflect a cognate, antigen-dependent, in vivo interaction leading to the neuronal demise. In addition, CD8 + T cell-derived IFNγ has recently been demonstrated to promote the loss of dendrites and synapses, underlying the need to assess presence of this cytokine (or phosphorylated signal transduction and activator of transcription 1, STAT1) in brain sections from patients affected by the anti-Hu syndrome. 85 In these individuals, the amount of reactive microglia is increased in all affected areas of the CNS. Microglial cells participate in the clusters of inflammatory cells in the gray matter and, together with CD8 + T cells, surround neurons. 77 Collectively, these observations strongly suggest that a cytotoxic CD8 + T cell-mediated attack contributes to neuronal death and axonal damage that characterize the anti-Hu syndrome, and therefore to its neurological manifestations. However, it remains to be determined whether these CD8 + T cells are Hu-specific. Studies of the specificity of tissue-derived TCRs should help resolve this question. To date, the analysis of TCR β chain usage by immunohistochemistry has revealed an overrepresentation of certain Vβ families in 3 out of 5 patients with PEM/PSN. Lesion-infiltrating T cells expressing the expanded Vβ families were mostly CD8 + T cells. Interestingly, in some patients, similarly expanded Vβ sequences were detected in the CSF or affected areas of the nervous system as well as within neoplastic lesions. 76,86 

Future Directions

Future investigations to obtain better insights into the mechanisms leading to antitumor immunity and nervous tissue autoimmunity in patients with PEM/PDN should integrate the in-depth molecular analysis of tissue samples (neoplastic lesions as well as neural tissue) and the development of relevant animal models. In turn, this new knowledge should assist the development of effective immunotherapies, which are dearly needed for patients suffering from the anti-Hu syndrome.

The mechanisms that trigger anti-Hu antibody-associated PNDs are not yet elucidated but appear tightly linked to the development of a partly efficient antitumor immune response. The comparison of the type, density, and location of tumorinfiltrating immune cells in SCLC patients who developed or not an anti-Hu syndrome, complemented by gene-expression profiling studies, may identify signatures that are predictive of improved tumor control and/or PND development. Confronted to data emerging from a wide variety of cancers, 71 this information will help investigators to assess whether the magnitude and functional orientation of intratumoral adaptive immune responses correlate with development of the anti-Hu syndrome. Similarly, the immune reaction developing in the nervous tissue of patients with PEM/PDN needs to be dissected at the molecular level using unbiased approaches. Given the dramatic and subacute course of the neurological disease in many patients with the anti-Hu syndrome, post-mortem tissues are available in which neurons are actively targeted by the immune system. A thorough investigation of the antigen specificity of CNS-infiltrating CD8 + T cells using a combination of tissue laser microdissection, TCR cloning and antigen screening 76,87 will inform whether HuD is the key antigenic target for pathogenic T cells or whether alternative/additional autoantigens are involved.

Animal models represent valuable tools to test hypotheses regarding the initiation and the effector mechanisms of human autoimmune diseases, as well as for the development of new therapeutic strategies. A valid animal model for the anti-Hu syndrome should recapitulate the following features: (1) the existence of one or more antigens that are expressed by both malignant cells and normal neurons; (2) the development of a detectable immune response against such shared antigens; (3) the inhibition of tumor growth by this antitumor immune response; (4) the immune infiltration of the nervous system as well as neuronal death and its related clinical consequences as a result of the antitumor/autoimmune response. To date, no animal model of the anti-Hu syndrome has been successfully developed. Attempts to mimic the human disease through the transfer of patient-derived IgGs or the deliberate immunization of experimental animals with HuD have resulted in high titers of circulating anti-HuD antibodies but no neuropathological lesions. 51,88 Interestingly, a mouse strain bearing a conditional deletion of both Trp53 and Rb1 in the lung develops Hu-expressing SCLCs. Although about 15% of these mice also develop high titers of anti-Hu antibodies in the serum, no neurological signs become manifest. 89 Similarly, the adoptive transfer of rat T H 1 cells specific for an onconeural antigen led to meningeal and perivascular CNS inflammation but failed to induce neuronal damage or overt clinical manifestations in recipient animals. 90 Therefore, a robust animal model is still needed to pinpoint the immunological mechanisms leading to neurological tissue damage in patients with the anti-Hu syndrome, and to test therapeutic strategies aimed at blocking the encephalitogenic immune response without affecting productive antitumor immunity.

An early diagnosis of PEM/PSN is possible since the anti-Hu antibody provides a highly specific biomarker. The effective treatment of the underlying tumor represents the main but not the sole facet of PEM/PSN management. Indeed, a wealth of data suggests that immunotherapy should be initiated before neurological symptoms have reached their plateau. To date, various approaches have been used, ranging from high-dose corticosteroids, to intravenous immunoglobulins and cyclophosphamide, but they have provided benefit to a few patients. 7,44,91 A study showed no detectable adverse effects of these immunotherapies on tumor control or patient survival, although it was underpowered to detect the negative impact of a given intervention. 7 Based on the information detailed above, pointing at CD8 + T cells as key immune effectors of the neurological tissue damage experienced by patients with the anti-Hu syndrome, an early and aggressive targeting of these cells should be envisioned. Approved molecules preventing the entry of T cells into the nervous system, such as anti-α4 integrin antibodies or functional antagonists of the sphingosine-1-phosphate receptor, represent very attractive possibilities in this respect. 92-94 In addition, given the deleterious role of IFNγ in CD8 + T cell-mediated neurological disorders, 85,95 IFNγ blockade could also constitute a valuable strategy, provided that it does not interfere with anticancer therapy. Conversely, the blockade of immune checkpoints 96 should be tested with utmost caution in patients bearing tumors potentially associated with the anti-Hu syndrome, as they may unleash a dramatic neurological autoimmunity, in particular among individuals with detectable anti-Hu antibodies.
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Introduction

The central nervous system (CNS) is considered as a unique immune-privileged environment allowing a basal immune surveillance under physiological conditions, and restraining potentially deleterious inflammatory reactions in disease states [1,2]. A tight control of the trafficking of immune cells toward the CNS is a Correspondence: Dr. Roland Liblau e-mail: roland.liblau@inserm.fr major parameter contributing to this immune-privileged status [3]. Indeed, circulating immune cells have to cross protective barriers using a complex multistep cascade that involves distinct trafficking cues both at the surface of the CNS endothelial cells and of immune cells [4].

The current knowledge regarding T-cell migration into the CNS derives mainly from CD4 T cells whereas little is known for CD8 T cells. Under inflammatory conditions, either due to autoimmune responses or infection, the inflamed blood-brain barrier (BBB) endothelium upregulates the expression of adhesion molecules (selectins and cell adhesion molecules of the immunoglobulin superfamily). Several surface molecules expressed by CD4 T cells, such as P-selectin glycoprotein ligand-1, αLβ2, α4β1, CD6, or α6β1, regulate sequential steps for transmigration that include tethering, rolling, capture, firm adhesion, and finally diapedesis of bloodborne circulating T cells across the endothelial layer [4]. Antigen recognition in the subarachnoidal spaces then allow T cells to migrate through the glia limitans superficialis into the CNS parenchyma, leading to clinical disease [5]. In this scenario, a pivotal role for the interaction between the α4β1-integrin heterodimer expressed by activated T helper 1 CD4 cells, and vascular cell adhesion protein 1 (VCAM-1), its main ligand on BBB endothelial cells, has been demonstrated [6][7][8][9][10]. However, as Th17 CD4 cells were shown to infiltrate the brain in the absence of α4integrin in an αLβ2-dependent manner [10,11], α4-independent routes to the CNS exist for other crucial T-cell subsets.

Although cumulative evidence points to a key role for CD8 T cells in several inflammatory CNS disorders such as MS, autoimmune encephalitis, or immune reconstitution inflammatory syndrome (IRIS) affecting the CNS [12][13][14], little is known about trafficking of CD8 T cells into the CNS. Interaction between P-selectin glycoprotein ligand-1 and P-selectin contributes to the recruitment of human CD8 T cells in brain vessels [15]. CD8 T-cell migration is not affected by blocking interactions between αLβ2/ICAM-1, ALCAM/CD6, PECAM-1/PECAM-1, or CCL2/CCR2, while all of them were previously shown to partake in the recruitment of other immune cell populations to the CNS [16,17]. The conflicting results about neutralization of α4-integrin in EAE and in coronavirus-induced encephalitis, restricting or not CD8 T-cell infiltration of the CNS, suggest that these cells may use alternative and possibly unidentified adhesion molecules to gain access to the CNS, raising the potential for selective control of their trafficking into the brain [10,17,18].

Using a murine model of CNS autoimmunity, the aim of our study was to define the role of α4-integrins in the CD8 T-cell migration across the BBB during neuroinflammation, and to specify which of the heterodimers containing the α4-integrin subunit, namely α4β1 and α4β7, is implicated.

Results

α4β1-Integrin blockade protects CamK-HA mice from developing CD8 T-cell-mediated encephalomyelitis

CamK-HA mice selectively express the Haemagglutinin (HA) of the Influenza virus in neurons under the control of the calmodulin kinase promoter. These mice, but not control littermates, exhibited severe encephalomyelitis characterized by weight loss, neurological signs, and death in 40-50% of recipients after the adoptive transfer of 5 × 10 6 in vitro generated cytotoxic HA-specific CD8 T cells. Diabetes insipidus caused by the CD8-mediated destruction of arginine-vasopressin hypothalamic neurons was a prominent clinical manifestation in the surviving CamK-HA recipients [19]. Endogenous CD4 and CD8 T cells also infiltrated the CNS of CamK-HA mice developing encephalomyelitis (Supporting Information Fig. 1A-B). However, because CD4 T cell-depleted recipients underwent weight loss and diabetes insipidus, endogenous CD4 T cells are not required for disease development (Supporting Information Fig. 1C-D).

To delineate in this model the role of α4-integrin in CD8 T-cell migration to the CNS, we first showed that in vitro differentiated cytotoxic HA-specific CD8 T cells express both α4and β7-integrin subunits, and the α4β7-integrin heterodimer (Fig. 1A). Because there is no mAb against the α4β1-integrin heterodimer, we used an in vitro binding assay to indirectly show that in vitro differentiated cytotoxic HA-specific CD8 T cells express the α4β1-integrin heterodimer. While HA-specific CD8 T cells untreated or treated with a control IgG bind to recombinant ICAM-1 and VCAM-1, an anti-α4-integrin mAb completely inhibited binding to VCAM-1 (one-way ANOVA, p < 0.00001), but did not affect binding to ICAM-1 (Fig. 1B). As VCAM-1 is the main ligand of the α4β1integrin heterodimer, this suggests that HA-specific CD8 T cells express the functional α4β1-integrin heterodimer.

We then assessed whether treatment of CamK-HA mice with anti-α4-integrin mAb could protect against CD8 T-cell-mediated encephalomyelitis. Therefore, we treated CamK-HA recipients with an anti-α4-integrin or a control IgG at day 0, 4, and 8 after the adoptive transfer of 5 × 10 6 cytotoxic HA-specific CD8 T cells. Compared to recipients receiving the control IgG, CamK-HA recipients treated by anti-α4-integrin mAb lost less weight (one-way ANOVA, p < 0.0001) and showed no death (0/10 versus 5/10, Log-rank test, p = 0.006). In addition, survivors experienced less diabetes insipidus (2/10 versus 4/5) (Fig. 1C-E). Since α4-integrin is a subunit shared by both α4β1and α4β7-integrin heterodimers, we then investigated which one is involved in CD8 T-cell migration into the CNS. Currently no mAb is available that specifically recognizes the α4β1-integrin heterodimer, while the DATK32 mAb recognizes and blocks specifically the α4β7-integrin heterodimer [7]. We therefore treated CamK-HA recipients with this anti-α4β7integrin mAb. Recipients underwent the same clinical phenotype as mice receiving the control mAb. Indirectly, this strongly suggests that the α4β1-integrin is the essential heterodimer for activated CD8 T-cell migration into the CNS in our model. However, α4-integrin blockade did not fully abrogate the neurological signs induced by HA-specific CD8 T-cell transfer in CamK-HA mice as significant weight loss developed when compared to control littermates (Fig. 1C), and central diabetes insipidus was detected in 20% of treated recipients.

Blockade of the α4β1-integrin reduces CD8 T-cell infiltration and microglial activation in the CNS

We next investigated the impact of α4β1-integrin blockade on CNS inflammatory infiltrate composition and tissue damage. Eight days after the adoptive transfer of 5 × 10 6 cytotoxic HA-specific CD8 T cells, CamK-HA recipients treated with an anti-α4-integrin mAb or a control IgG were sacrificed and their CNS-infiltrating cells were analyzed by flow cytometry. A drastic reduction in the number of CD45 high Thy1.2 + T cells infiltrating the CNS was observed in recipients treated with the anti-α4-integrin mAb (1333 ± 263 versus 35 452 ± 5748 cells/CNS, respectively, Mann-Whitney test, p < 0.0001; Fig. 2A-B). Ex vivo analysis of splenocytes showed that the anti-α4-integrin mAb did not deplete CD8 T cells in the periphery, and even promoted the accumulation of transferred cells in the secondary lymphoid organs (Supporting Information Fig. 2A-B). Moreover, ex vivo analyses and restimulation with the cognate HA peptide showed that the anti-α4-integrin mAb also did not affect activation of transferred CD8 T cells collected from spleen and lymph nodes (Supporting Information Fig. 2C-F). In the CNS, we observed a decrease in microglial activation, evaluated by MHC class II expression on CD45 int CD11b + cells, in recipients treated by the anti-α4-integrin mAb (MFI for MHC class II 589 ± 127 versus 6825 ± 1172, Mann-Whitney test, p = 0.0002; Fig. 2C-D). Histological analysis also corroborated the marked reduction in the parenchymal CD8 T-cell infiltration in recipients treated by the anti-α4-integrin mAb-treated animals (Mann-Whitney test, p = 0.0002; Fig. 2E-G), while some meningeal CD8 T cells could still be detected. Antagonization of α4β1-integrin, therefore inhibits CD8 T-cell infiltration and microglial activation in the CNS parenchyma of recipient CamK-HA mice.

VCAM-1 blockade retains the clinical phenotype and only partly decreases CD8 T cell CNS infiltration

To further investigate how α4β1-integrin contributes to CD8 T cell trafficking to the CNS, we investigated which ligand expressed on brain microvascular endothelial cells may interact with α4β1integrin. First, we blocked in vivo VCAM-1, the major ligand for α4β1-integrin [20], using two distinct mAbs. As both mAbs provided identical results (Fig. 3A), the two groups were pooled in Figure 3B andC. CamK-HA recipients treated by anti-VCAM-1 mAb lost more weight (one-way ANOVA, p < 0.0001) and developed diabetes insipidus more frequently (9/11 versus 1/6, chi-square test with Yates' correction, p = 0.036) compared to mice treated by the anti-α4-integrin mAb (Fig. 3A-C). Clinical outcomes (weight loss, diabetes insipidus, and death) were not significantly different between recipient mice treated with the anti-VCAM-1 mAbs or with the control IgG.

To assess the impact of VCAM-1 inhibition on CD8 T-cell infiltration of the CNS, and to unambiguously identify and enumerate the transferred cells, CD45.1 + HA-specific CD8 T cells were injected in CD45.2 + CamK-HA mice (Fig. 3D). Flow cytometry analysis of CNS-infiltrating cells from CamK-HA recipients 8 days after the adoptive transfer revealed a significant reduction in the number of transferred CD45.1 + CD8 T cells in mice treated with anti-VCAM-1 mAbs compared to mice receiving the control IgG (7990 ± 1862 versus 14 331 ± 1582 cells, Mann-Whitney test, p = 0.01; Fig. 3E). However, VCAM-1 blockade reduced the number of CNS-infiltrating transferred CD8 T cells to a much lesser extent than the use of anti-α4-integrin mAb (161 ± 48 cells, Mann-Whitney test, p < 0.0001). Collectively, these data indicate that blockade of VCAM-1 partially inhibits the α4β1-dependent migration of CD8 T cells across the BBB, but does not protect mice from developing CNS tissue damage, suggesting that additional vascular ligands of α4β1-integrin might be implicated in CD8 T cell trafficking into the CNS. 

JAM-B is a ligand for α4β1-integrin implicated in CD8 T-cell migration to the CNS

Because junctional adhesion molecule-B (JAM-B) had been reported to be a ligand for α4β1-integrin on endothelial cells [21], we assessed the contribution of JAM-B as another putative BBB endothelial ligand for α4β1-integrin in CD8 T-cell migration into the CNS. Indeed, CNS microvascular endothelial cells express JAM-B in addition to PECAM-1 (Fig. 4). We investigated whether JAM-B could be potential ligand for α4β1-integrin expressed on CD8 T cells. We treated CamK-HA recipients with an anti-JAM-B mAb at day 0, 4, and 8 after the adoptive transfer of 5 × 10 6 cytotoxic HA-specific CD8 T cells. While CamK-HA recipients treated by the anti-JAM-B mAb displayed significantly less weight loss compared to recipients treated by control IgG or anti-VCAM-1 mAbs, they displayed the same incidence of diabetes insipidus and death (Fig. 3A-C). Flow cytometry analysis of the CNS of CamK-HA recipients treated by anti-JAM-B mAb showed a significant decrease in the number of infiltrating CD45.1 + CD8 transferred cells compared to mice receiving the control IgG (7016 ± 2029 versus 14 331 ± 1582 cells/CNS, Mann-Whitney test, p = 0.017; Fig. 3E). This decrease was similar to that achieved when blocking VCAM-1 (Mann-Whitney test, ns), but clearly inferior to the inhibition achieved by the anti-α4-integrin mAb (Mann-Whitney test, p = 0.0017; Fig. 3E). Increased dose of anti-JAM-B mAb did not improve the reduction of CNS-infiltrating CD45.1 + CD8 + transferred cells, suggesting that saturating concentrations of the antibody were obtained (Supporting Information Fig. 3). Therefore, JAM-B expressed by BBB endothelial cells might represent a ligand for α4β1-integrin-mediated migration of CD8 T cells into the CNS. In order to test the hypothesis that VCAM-1 and JAM-B are complementary ligands for α4β1-integrin, we treated recipients with both anti-JAM-B and anti-VCAM-1 mAbs. Coadministration of both mAbs did not demonstrate a synergistic reduction in the number of CNS-infiltrated CD45.1 + CD8 transferred T cells (Fig. 3E). We finally investigated the phenotype of CD8 T cells that entered the CNS of CamK-HA recipients after blockade of α4integrin, α4β7-integrin, VCAM-1, or JAM-B. Whereas their absolute numbers differed importantly between groups, the proportion of transferred CD45.1 + CD8 T cells that are CD44 + CD62L -, and that produce both IFN-γ and TNF-α did not significantly differ between groups (Fig. 3F).

Discussion

Molecular cues used by CD8 T cells to migrate into the CNS are poorly defined. Using a murine model of CNS autoimmune neuroinflammation, we showed that the migration of cytotoxic CD8 T cells to the CNS relies on the α4β1-integrin heterodimer. We also showed that VCAM-1 and JAM-B expressed by BBB endothelial cells are likely implicated in this process, but that their inhibition is insufficient to completely block CD8 T-cell infiltration into the CNS or to mitigate the clinical encephalomyelitis signs.

Two studies using animal models of neuroinflammation and in vitro transmigration assays demonstrated that blocking the α4-integrin decreases migration of CD8 T cells across CNS vascular structures [17,18]. However, because the α4-integrin is common to α4β1and α4β7-integrin heterodimers [22], it is unknown which one is implicated. Our model showed that blockade of α4-integrin, but not of the α4β7-integrin heterodimer, prevents encephalomyelitis and tissue damage by interfering with cytotoxic CD8 T-cell entry into the CNS. These results strongly suggest that the α4β1-integrin is the essential heterodimer for the interaction of activated CD8 T cells with the BBB. Similarly, blocking α4-integrin can abrogate the development of EAE mediated by encephalitogenic CD4 Th1 cells [7][8][9][10]. Those cells critically rely on β1integrin to accumulate in the CNS during EAE [6]. Moreover, blocking the α4β7-integrin heterodimer fails to inhibit EAE development in mice and Rhesus monkeys [7,23], and ectopic expression of the α4β7-integrin ligand MAdCAM-1 in CNS endothelial cells fails to trigger CNS recruitment of α4β7-expressing T cells [24]. Thus, α4β1-integrin rather than α4β7-integrin mediates both CD4 and CD8 T-cell interaction with CNS endothelium. However, as α4-integrin blockade did not totally abrogate clinical signs and CNS infiltration of transferred CD8 T cells in our model, an α4β1-independent route, although accessory, remains operative. Its molecular bases are still to be determined.

The most studied brain endothelial ligand for α4β1-integrin is VCAM-1 [20]. VCAM-1 is constitutively expressed at low level on the BBB endothelium, and mediates both the initial capture and the subsequent G-protein-dependent arrest of CD4 Th1 cells upon interaction with the α4β1-integrin [8]. Expression of VCAM-1 is upregulated in inflammatory conditions on endothelial cells of the BBB and of the blood-leptomeningeal barrier, as well as on choroid plexus epithelium of the blood-cerebrospinal fluid barrier, further increasing α4β1/VCAM-1-mediated T-cell adhesion to inflamed CNS endothelium [25,26]. It was previously shown that VCAM-1 blockade inhibits clinical or histopathological signs of EAE mediated by encephalitogenic CD4 Th1 cells [7]. In a model of OVA-expressing Listeria monocytogenes infection, access of OVA-specific CD8 T cells to the CNS was inhibited by the antibody-mediated blockade of VCAM-1 to the same extent as did the α4-integrin blockade [18]. Unexpectedly, blockade of VCAM-1 in our model only had a partial effect on CD8 T-cell migration to the CNS, as the number of CNS-infiltrated CD8 T cells was reduced by 46% compared to mice treated by the control IgG (Fig. 3D). This decrease was not clinically relevant as recipients treated with different clones of anti-VCAM-1 mAb experienced weight loss, death, and diabetes insipidus to the same extent as mice treated by the control IgG. Therefore, VCAM-1 blockade was not sufficient in our model to inhibit α4β1-expressing CD8 T-cells migration into the CNS. Several differences between our study and that of Young et al. [18] might explain those discordant results, including the genetic background of the mice, BALB/c or (BALB/c × C57BL6) F1 versus C57BL6/J, the localization of the HA and OVA antigens in different cells, neurons and oligodendrocytes, respectively, and the state of differentiation of the encephalitogenic CD8 T cells (terminally differentiated highly cytotoxic versus shortly activated CD8 T cells). Moreover, the L. monocytogenes infection within the CNS in this model might induce additional triggers including increased expression of VCAM-1 at the BBB, allowing for increased VCAM-1-dependence of CD8 T-cell migration into the CNS. It was suggested that natalizumab, a humanized mAb against the human α4 subunit of α4β1-integrin and α4β7, might also affect CD4 and CD8 T-cell expression of α4-integrinunrelated molecules such as CD62L, CXCR3, and αLβ2 in longterm treated natalizumab patients [27,28]. Here, we have used a very short treatment. In addition, the high specificity of PS/2 for the murine α4-integrin subunit makes this antibody unlikely to cross-react with other integrin subunit or unrelated molecules such as selectins. Indeed, PS/2 recognizes the functional epitope B2 on the α4-integrin subunit and was shown to specifically block α4β1-mediated lymphocyte binding to VCAM-1 and fibronectin as well as α4β7-dependent binding to VCAM-1 and MAdCAM-1 in vitro [29,30]. Another explanation could be that, in our model, VCAM-1 is not the sole, or even not the main, ligand for α4β1integrin.

In that respect, we investigated if other known α4β1-integrin ligands might be implicated. At least two additional vascular ligands have been described, the CS1 domain of a spliced variant of fibronectin [31,32], and JAM-B [21,33]. Since no reliable blocking antibody against CS1 domain is currently available, the role of fibronectin in the migration process of CD8 T cells could not be explored yet. Because α4β1-JAM-B interaction has only been investigated in vitro or in vivo in skin microvasculature [21], and because JAM-B is expressed by the BBB in our model, we focused on this putative ligand for CD8 T-cell migration to the CNS. Members of the classical JAM family are transmembrane type 1 proteins with two immunoglobulin domains highly expressed in cells that present well organized tight junctions, such as the endothelium of the BBB [34]. JAM-A, interacting with αLβ2-integrin, is implicated in cell migration to the CNS. A blocking mAb directed to JAM-A significantly inhibited leukocyte infiltration in the CSF and the brain parenchyma in a model of cytokine-induced meningitis [35]. However, those results were not confirmed in infectious meningitis [36]. JAM-B plays a central role in the regulation of paracellular permeability [34], but also impacts T-cell rolling and firm adhesion [21]. Although a lack of JAM-B expression at steady state on brain endothelial cells was suggested [37], we show that JAM-B is expressed on brain endothelial cells in our murine model of CNS autoimmunity. Because blockade of JAM-B was associated to a partial protection against encephalomyelitis and a significant reduction in the number of infiltrated CD8 T cells, however to a lesser extent than α4β1-integrin blockade, our data suggest that JAM-B participates to the CD8 T-cell migration process to the CNS.

The discovery of the role of α4β1-VCAM-1 interaction in T-cell migration to the CNS led to the development of natalizumab, which has proven to be highly beneficial in relapsingremitting MS [38]. Unfortunately, natalizumab is associated with an increased risk of developing progressive multifocal leukoencephalopathy (PML), an opportunistic disease of the CNS caused by John Cunningham (JC) virus infection of oligodendrocytes [39]. Development of PML following natalizumab therapy likely relies on a multifactorial scenario including permissiveness for active JC virus replication and impaired immune surveillance [40][41][42][43]. Compared with untreated MS patients, natalizumab treatment induces a decrease in cerebrospinal fluid CD4 and CD8 T cells [44,45]. Because CD4 and CD8 T cells are crucial in controlling JC virus reactivation and dissemination [46,47], our results suggest that development of PML is, at least in part, due to natalizumab-mediated inhibition of CNS immunosurveillance by JC virus-specific CD8 T cells. Furthermore, natalizumab-associated PML in MS patients is often complicated after natalizumab withdrawal by IRIS, darkening again the prognosis [48]. Although CD4 T cells might participate [49], a clear dominance of CD8 T cells in CNS-infiltrates has been observed in natalizumab-associated PML-IRIS occurring in patients with MS [50], reminiscent of the PML-IRIS pathology described in HIV-infected patients [51]. This indirectly supports the idea that the discontinuation of natalizumab allows migration of CD8 T cell to the CNS.

Migration of encephalitogenic CD8 T cells to the CNS is dependent on the α4β1-integrin. α4β1-Integrin blockade in MS is beneficial but exposes to opportunistic viral infections due to the disruption of CNS immune surveillance. Because CD8 T cells requirements for CNS migration are distinct from those of other immune cells, future work should help identify novel molecular targets to block specifically CNS recruitment of destructive immune cells while leaving the migration of protective immune cell subsets into the CNS unaffected.

Materials and methods

Mice

The CL4-TCR transgenic mouse line expresses an H-2K d -restricted TCR (Vα10; Vβ8.2) against the Influenza virus HA transmembrane peptide amino acids 512-520 (IYSTVASSL) [52]. The CamK-iCre [53] and the Rosa26 tm(HA)1Lib [54] mice have been described previously. CamK-HA mice were obtained by crossing the CamK-iCre transgenic mice with the Rosa26 tm(HA)1Lib mice [19]. Cre-mediated genomic DNA recombination and the resulting transcription of HA occurred only in CamK-HA mice and were confined to the brain and spinal cord [19]. Mice were backcrossed at least six times on the BALB/c background. In some experiments, to benefit from a congenic marker allowing the distinction between transferred HA-specific CD8 T cells (CD45.1) and recipient T cells (CD45.2), donor and recipient mice on a (BALB/c × C57BL6) F1 background were used. Of note, the number of T cells infiltrating the CNS of CamK-HA mice did not differ between the BALB/c and the (BALB/c × C57BL6) F1 backgrounds (Supporting Information Fig. 4). All mice were 6-9-week-old at the onset of the experiments. Mice were kept under specific pathogen-free conditions. This study was carried out in strict accordance with EU regulations and with the recommendations of the French national chart for ethics of animal experiments (articles R 214-87-90 of the "Code rural"). The protocol was approved by the committee on the ethics of animal experiments of the région Midi-Pyrénées (permit numbers: 04-U563-DG-06 and MP/18/26/04/04). All procedures were per-formed under deep anesthesia as described below and all efforts were made to minimize animal suffering.

In vitro differentiation and adoptive transfer of HA-specific cytotoxic CD8 T cells

HA-specific cytotoxic CD8 T cells were generated as previously described [55]. Briefly, 5.10 5 purified naive CD8 T cells from CL4-TCR mice were stimulated with 5.10 6 irradiated syngeneic splenocytes in DMEM supplemented with 10% FCS (Life Technologies, Paisley, Scotland) containing 1 mM HA peptide, 1 ng/mL IL-2, and 20 ng/mL IL-12. On day 5, cells were collected by Ficoll density separation and 5 × 10 6 living cytotoxic CD8 T cells were injected intravenously in recipient mice. Cells routinely contained >98% CD8 + CD3 + Vβ8.2 + T cells and >95% of them produce high levels of granzyme B and IFN-γ.

Antibodies used for in vivo experiments

mAbs were injected intravenously. Entotoxin-free rat mAb against mouse α4-integrin (clone PS/2, IgG2b, 250 μg/injection), α4β7-integrin (clone DATK32, IgG2a, 500 μg/injection), VCAM-1 (clone 6C7.1, IgG1, 250 μg/injection), and antiendoglin (control IgG, clone MJ7/18, IgG2a, 250 μg/ injection) were produced in B.E.'s lab. The rat anti-CD4-depleting mAb (clone GK1.5, IgG2b, 500 μg/injection) was produced in R.L.'s lab. The anti-VCAM-1 clone 429 (IgG2a, 100 μg/injection) and the anti-JAM-B clone 150005 (IgG2a, 100 μg/injection, or 200 μg/injection where indicated) were purchased from eBioscience and R&D Systems, respectively.

Purification of mononuclear cells

Mice were deeply anesthetized and perfused with 20 mL of PBS. For purification of mononuclear cells, brains were collected in PBS and dissociated using a glass Potter. Brain suspensions were enzymatically digested for 1 h at 37°C in RPMI 1640 medium (Invitrogen) containing collagenase D (1 mg/mL), and DNase I (10 mg/mL). The digested suspensions were filtered (70 mm cell strainer, Falcon), CNS-infiltrating mononuclear cells were collected after Percoll density separation and directly used for FACS staining. For purification of mononuclear cells from spleen and cervical draining lymph nodes, organs were collected in PBS and dissociated using a glass Potter. After red blood cell lysis, mononuclear cells were used for FACS staining.

Ex vivo restimulation of HA-specific CD8 T cells

Mononuclear cells from spleen and cervical lymph nodes (4 × 10 6 ) were plated in a 24-well plate for 6 h and restimulated with 1 μM of HA peptide or of H-2K d -binding noncognate antigen (Cw3 peptide, RYLKNGKETL). GolgiPlug TM (BD Pharmingen) was added for the last 2 h before mononuclear cells were used for FACS staining.

FACS analysis

In vitro differentiated cytotoxic HA-specific CD8 T cells were stained using a viability dye and anti-CD8α (53-6.7, BD Pharmingen), anti-α4-integrin (hybridoma supernatant, clone PS/2), anti-β7-integrin (hybridoma supernatant, clone FIB504), or anti-α4β7integrin heterodimer (hybridoma supernatant, clone DATK32). Mononuclear cells were stained using a viability dye and anti-CD45 (30-F11, BD Pharmingen), anti-CD45.1 (A20, Biolegend), anti-CD45.2 (104, BD Pharmingen), anti-CD11b (M1/70, eBioscience), anti-Thy1.2 (53-2.1, eBioscience), anti-CD4 (RM4-5, BD Pharmingen), anti-CD8 (53-6.7, BD Pharmingen), anti-MHC class II (M5/114.15.2, eBioscience), anti-CD44 (IM7, Biolegend), anti-CD62L (MEL-14, BD Pharmingen), and anti-CD25 (PC61, BD Pharmingen) mAbs. After fixation and permeabilization, cells were intracellularly stained for IFN-γ (XMG1.2, BD Biosciences) and TNF-α (MP6-XT22, BD Pharmingen). Data were collected on an LSRII or FACSCalibur (Becton Dickinson) and analyzed with FlowJo software (Tree Star).

In vitro binding assay system

Wells of diagnostic microscope slides (ER-202W-CE24, Thermo Scientific) were coated with protein A (20 μg/mL in PBS pH 9) for 1 h at 37°C. After protein A incubation, wells were washed three times with PBS (pH 7.4) and blocked with 1.5% BSA in PBS for 30 min at 37°C. Subsequently, wells were washed once with PBS (pH 7.4) and recombinant proteins (100 nM) were incubated for 2 h at 37°C (recombinant DNER-Fc chimera, R&D 2254-DN; recombinant mouse ICAM-1-Fc chimera R&D 796-IC; recombinant VCAM-1-Fc chimera, R&D 643-VM). After recombinant proteincoating, wells were washed twice with PBS (pH 7.4) and blocked with 1.5% BSA in PBS for 30 min at room temperature.

To perform the in vitro binding assay, HA-specific cytotoxic CD8 T cells were collected at 5 × 10 6 cells/mL in assay medium (DMEM, 25 mM HEPES, 5% calf serum, 2% L-glutamine) and incubated with either the blocking antibody (PS/2, 10 μg/mL) or the isotype control antibody (rat IgG2b, 10 μg/mL) for 20 min at room temperature. Antibodies were washed away by centrifugation for 3 min at 1400 rpm. Diagnostic microscope slides were placed on a rotating platform and 20 μL cell suspension (1 × 10 5 cells/well) was added and incubated on the recombinant proteins for 30 min. Slides were washed twice with PBS and fixed in 2.5% v/v glutaraldehyde in PBS.

The number of adherent cells was evaluated by counting bound cells per field of view under the microscope using a grid ocular.

Immunofluorescence staining

Preparation of mouse tissue and staining procedures were performed as published previously [56]. Briefly, mice were perfused with PBS or 1% formaldehyde in PBS through the left ventricle of the heart. Dissected tissues were embedded in Tissue-Tek (Sakura, the Netherlands), frozen, and stored at -80°C. For immunofluorescence staining of JAM-B, 6 μm cryostat sections were fixed with ice-cold methanol for 20 s, followed by blocking with blocking buffer (2% BSA, 1% FCS, 1% donkey serum in PBS). Subsequently, primary rabbit anti-JAM-B antibody (αJB829 1:250; kindly provided by Beat Imhof, Geneva, Switzerland) and either rat antimouse PECAM-1 (Mec 13.3, 20 μg/mL) or rat antimouse VCAM-1 (6C7.1, 10 μg/mL) were incubated with the sections for 1 h. In between and after antibody incubation, sections were washed with PBS. Sections were then incubated with secondary antibodies goat antirat Alexa 488 (1:200, Invitrogen MP A11006) and donkey antirabbit Cy3 (1:200, JIR 111-165-144) and DAPI (0.5 μg/mL, Invitrogen D3571) for 1 h and coverslipped with Mowiol (Sigma-Aldrich, USA). For immunofluorescence staining of CD8, cryostat sections were fixed in ethanol for 10 min at 4°C, followed by acetone for 1 min at room temperature. Subsequently, sections were dried for 30 min at room temperature. Blocking solution, skimmed milk (5% in TBS) was incubated for 20 min. Primary rat-antimouse CD8 antibody (Lyt 2, eBiosciences) and secondary goat-antirat IgG-Cy3 antibody (eBiosciences) were diluted in blocking solution. Antibody incubation was performed for 1 h at room temperature. To visualize the cell nuclei, DAPI (0.5 μg/mL, Invitrogen D3571) was incubated for 5 min at room temperature. Sections were washed with TBS between incubation steps and finally mounted with Mowiol (Sigma-Aldrich) and analyzed using a Nikon Eclipse 600 fluorescence microscope.

Statistical analysis

Differences between two sets of data were evaluated by a twotailed Mann-Whitney U test. For analysis of scatter plots comparing ࣙ3 groups of mice, one-way ANOVA with Bonferroni's posttest was used. Survival curves were plotted by the Kaplan-Meier method and compared with the log-rank test. Data represent mean ± SEM. Probability values of p ࣘ 0.05 were considered statistically significant. All tests were carried out using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).

Introduction

Due to its limited regenerative capacity, the central nervous system (CNS) needs to protect itself against potentially damaging exuberant immune responses. This is achieved through a singular state of reduced exposure to the immune system, known as "immune privilege" (reviewed in [1,2]). This "immune privilege" occurs thanks to the blood-brain barrier (BBB), limited major histocompatibility complex (MHC) molecule expression in the brain, and neuronal expression of molecules with immunosuppressive properties, such as TGF-β and CD200 [3]. All these contribute to protect neurons and axons from microgliaand/or T-cell-induced damage although it is not as drastic as previously thought. Activated immune cells can enter the CNS through various routes under specific conditions through selective receptor-ligand interactions (reviewed in [4]). Recent studies have identified an unconventional lymphatic drainage system from the CNS interstitial fluid and cerebrospinal fluid (CSF) to the deep cervical lymph nodes [5,6]. Whether immune cells exit the CNS using these lymphatic vessels is currently under investigation.

Inflammation occurs in a large number of neurological diseases with etiologies as diverse as ischemia, trauma, infection, autoimmunity, or neurodegeneration [7,8]. The type and magnitude of CNS inflammation, and the possible contribution of T cells, vary largely depending on the considered disease. A pivotal role has been attributed to T cells in animal models of CNS inflammation, and similar observations are emerging from the study of human neurological disorders (reviewed in [7,9]). Moreover, CNS-resident cells, including some neurons, constitutively express MHC class I molecules [10,11], challenging the classical view that neurons might be excluded from cytotoxic T-cell (CTL) recognition [12]. In addition, MHC class I expression on neurons and glial cells increases strikingly under pathological conditions [13]. Importantly, recent data indicate that neurons can process and present viral or exogenous antigens to CTLs, resulting in neuronal cell death [14,15].

In this review, we discuss the processes by which T cells can have either beneficial or deleterious effects within the CNS, with a special emphasis on the direct interaction between T cells and neurons. We also review the different therapeutical approaches targeting T cells and their mediators for the treatment of neurological diseases.

T-cell migration into the CNS

T cells enter into the CNS through migration across the BBB, the blood-leptomeningeal barrier, or the choroid plexus (reviewed in [16]). Integrins, selectins, and chemokine receptors expressed on T cells regulate this transmigration, and T-cell ligands are upregulated on CNS endothelial cells during neuroinflammation [16]. In particular, the interaction between α4β1-integrin, expressed by activated T cells, and vascular cell adhesion protein 1 (VCAM-1), expressed on blood vessels, has been shown to have a pivotal role for CD4 + and CD8 + T-cell migration into the CNS [17][18][19]. Th17 cells, however, have been shown to adhere to endothelial cells and extravasate into the CNS independently of α4β1 [20], using either a melanoma cell adhesion molecule (MCAM)- [21], or lymphocyte function-associated antigen 1 (LFA-1)-dependent pathway [22]. Moreover, the chemokine receptor CCR6 has been shown to control the migration of Th17 cells into the CNS through the choroid plexus in a mouse model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE) [23]. Additionally, CD4 + FoxP3 + T regulatory (Treg) cells depend on LFA-1 to migrate into the CNS in the absence of α4-integrin during EAE [24]. In humans, blocking CCR5 appears to limit the traffic of CD8 + T cells into the CNS of patients suffering from progressive multifocal leukoencephalopathy-associated immune reconstitution inflammatory syndrome (PML-IRIS), which is an unbalanced immune reaction to the JC virus responsible for PML [25,26]. Moreover, CCR5 deficiency in humans is a strong risk factor for CNS infection by West Nile virus (WNV) [27], most likely because CCR5-deficient cells limit the local migration of effector T cells.

Collectively, these data suggest that different immune cell subsets use various molecular cues to penetrate the CNS. These specific pathways offer the possibility of blocking only the immune cell type involved in a particular disease.

Neuronal protection against T-cell-mediated inflammation

While T cells are considered destructive in many neurological disorders (see "Inflammatory and neurodegenerative diseases mediated by T cells"), they can also promote neuroprotection in the same experimental situations [28]. For instance, Th1 and Th2 CD4 + T cells have been shown to produce neurotrophins, which are neurotrophic growth factors that contribute to the development, function, and survival of neurons [29]. The production of the neurotrophin BDNF (brain-derived neurotrophic factor), in particular, is enhanced upon antigen stimulation of T cells, which in turn has been shown to support neuronal survival by inducing axonal outgrowth and regeneration [30]. Additionally, both BDNF and neurotrophin-3 were detected in activated T cells infiltrating the CNS during EAE, suggesting that the damaging consequences of T cells can be counteracted by neurotrophic factors produced by T cells [28].

Importantly, the interactions between T cells and neurons are bidirectional. Neurons have evolved mechanisms to directly protect the CNS from T-cell-mediated inflammation. For example, neurons have been shown to promote T-cell apoptosis through Fas/FasL interactions [31] and produce antiinflammatory cytokines, such as TGF-β, which is associated with resistance to EAE [32,33]. Furthermore, a pro-inflammatory environment results in increased production of TGF-β and enhanced surface expression of CD80/CD86 by neurons [32]. In turn, TGF-β and CD80/CD86 maintain the antigen-independent CD4 + T-cell proliferation and promote the conversion of pathogenic CD4 + T cells into TGFβ + CTLA-4 + Treg cells, which then suppress encephalitogenic T cells and inhibit EAE [32].

In addition, Treg cells counteract effector immune mechanisms within tissues, preserving neuronal function. In particular, Treg cells can control CNS inflammation in EAE [34,35]. For instance, Treg cells expressing the transcription factor FoxA1 (FoxA1 + Treg cells) have been shown to enhance their own expression of programmed cell death ligand 1 (PD-L1) and kill pathogenic CD4 + T cells, thereby suppressing EAE in a FoxA1-and PD-L1-dependent way [36]. There is also evidence that CD8 + CD122 + T cells produce IL-10, which inhibits proliferation of CTLs as well as their IFN-γ production, resulting in suppression of EAE, especially in the late phase [37].

In addition, after CNS injury, CD4 + T-cell infiltration occurs independently of MHC class II expression. The CNS-invading CD4 + T cells exhibit increased IL-4 output as compared with that of their peripheral counterparts, as a result of MyD88 signaling triggered by damage-associated molecular pattern molecules (DAMPs) [38]. The T-cell-derived IL-4 indirectly triggers neuroprotection and axon growth through activation of IL-4 receptors on neurons, enhancing the neurotrophin signaling pathway [38]. In a model of acute spinal cord injury, both Th1 cells and Treg cells have been shown to be required for recovery [39]. Likewise, in amyotrophic lateral sclerosis (ALS) mouse model, Treg cells are recruited to attenuate the cytotoxic activity of microglia and, consequently, promote neuroprotection [40,41].

Nevertheless, within the CNS, effector T cells mostly contribute to inflammation and neurodegeneration in both sterile and nonsterile situations [7]. We therefore concentrate below on pathological conditions in which T cells promote neuronal/axonal damage and discuss the mechanisms involved and how to therapeutically interfere with disease-promoting T-cell populations.

T-cell activities in the CNS during viral infections

The interaction between CD8 + T cells and neurons during viral infections differs according to the virus involved.

Exposure to the neurotropic herpes simplex virus type 1 (HSV-1) results in chronic infection of neurons in the trigeminal ganglia. During latency, no infectious viral particles are produced and HSV-1 proteins are not detectable [42]. HSV-1-specific CTLs have been shown to localize in close proximity to HSV-1-infected neuronal cell body in human trigeminal ganglia [43]. HSV-1-specific CTL activation or retention involves CD4 + T cells, as well as local APCs [44]. CD8 + T cells have been shown to use at least two noncytolytic mechanisms to maintain HSV-1 latency [45]. First, granzyme B delivered by HSV-1-specific CD8 + T cells to infected neurons can directly cleave ICP4, a viral protein required for efficient transcription of early and late viral genes, without impairing neuronal survival in vitro [45]. Second, IFN-γ secretion by HSV-1-specific CTLs has been implicated in inhibiting the expression of HSV-1 gene products required for viral reactivation [45]. Thus, Granzyme B and IFN-γ are essential to control the reactivation of HSV-1 from latency.

In contrast to the noncytolytic mechanisms employed by CTLs in response to HSV-1 infection, mouse models for WNV infection have revealed that CD8 + T cells are required to clear the virus from infected neurons in an MHC class I-dependent manner [46]. Mice lacking MHC I molecules have an increased and sustained WNV infection in both peripheral and CNS tissues [46]. Indeed, CD8 + T cells have been shown to directly kill infected neurons through both the perforin and Fas/FasL ligand pathways to eliminate WNV from the CNS [47]. Additionally, CD8 + T cells produce TNF-related apoptosis-inducing ligand (TRAIL) to restrict WNV infection of CNS neurons [48]. Furthermore, upon WNV infection, production of CXCL10 by neurons is induced by IFN-γ, thereby promoting the recruitment of CXCR3-expressing CD8 + T cells into the CNS [49]. However, CXCL10 expression can vary between neuronal subsets: cerebellar granule neurons present higher expression of CXCL10 in comparison to cortical neurons, indicating a differential regulation of inflammatory responses according to the neuron subtypes [49].

The neurotropic Borna disease virus (BDV) is another example in which CD8 + T cells clear the virus through direct killing of infected neurons. Interestingly, BDV triggers up-regulation of MHC class I on primary murine neurons, thereby allowing cognate interaction between these neurons and virus-specific CTLs [15]. This leads to morphological and functional alterations of the infected neurons, preceding their subsequent apoptosis [15].

In the viral déjà vu model (antiviral CTLs targeting an epitope shared by the initial virus persisting in neurons and the secondary virus) in mice infected with a lymphocytic choriomeningitis virus (LCMV) variant, an original non-neurotoxic phenomenon results from the CTL attack on neurons in vivo [50]. Indeed, infection with this variant results in a rapid loss of dendrites and synapses, induced by the release of IFN-γ by CTLs in close contact with neurons, and subsequent IFN-γ receptor signaling in neurons, independent of Fas/FasL or perforin involvement [50]. Of note, in CNS lesions of Rasmussen encephalitis patients, a similar phosphorylation of STAT1 observed in the murine déjà vu model is often found within neurons in close contact with CD8 + T cells [50].

IFN-γ produced by CD8 + T cells may promote neurotoxicity through additional mechanisms. For example, the IFN-γ receptor can form a complex with the AMPA receptor subunit GluR1 in neurons, increasing the excitability and vulnerability to glutamate excitotoxicity [51]. In addition, IFN-γ signaling in neurons has been shown to reduce the synaptic conduction below a critical threshold and enhances the expression of MHC class I molecules on neurons [51]. These effects may render neurons more susceptible to CD8 + T cell-mediated cytolysis during the course of inflammatory diseases.

Thus, the collective effect of TRAIL, FasL, and perforin, and the increased expression of MHC class I molecules, underlies some of the molecular tools by which effector CD8 + T cells directly interact with and kill infected neurons to contain viral infection [47,48]. Moreover, production of CXCL10 by neurons further attracts effector CD8 + T cells at sites of viral infection. However, the molecular tools used by T cells to control the viral infection of CNS neurons seems to be dependent on the virus involved and may even differ according to the infected neuronal subset.

Inflammatory and neurodegenerative diseases mediated by T cells

The potential implication of T cells, and particularly CD8 + T cells, in CNS autoimmune diseases is receiving increasing attention [7,8,52,53]. Indeed, the list of human neurological diseases in which T cells have been suggested to target neurons or axons, directly or indirectly, is continuously growing (see Table 1). We describe below three selected diseases in which T cells target neurons through different mechanisms. In multiple sclerosis (MS) and paraneoplastic cerebellar degeneration (PCD) the adaptive immune system is a key mediator of CNS tissue damage whereas Parkinson's disease (PD), a primary neurodegenerative disease with secondary inflammation, is mostly mediated by innate immune cells [8]. In MS, axonal transection and neuronal loss have been shown to develop in the context of a complex T-cell-mediated chronic inflammation [54]. Contrary to this, in PCD, a rare autoimmune disease associated with gynecologic cancers, there is evidence suggesting that the selective loss of Purkinje neurons likely results from direct interaction between CTLs and Purkinje neurons [55]. Finally, recent data highlight the possible contribution of T cells in PDs [14].

Multiple sclerosis and EAE, its popular animal model

MS is very likely an autoimmune disease of the CNS which leads to multifocal demyelination and neurodegeneration [9]. MS development involves both genetic [56] and environmental factors [57]. Extensive axonal/neuronal damage is observed in MS pathology, with transected axons and reduced neuronal density resulting in brain and spinal cord atrophy [54,58]. These findings are associated with focal infiltration by macrophages and T cells, which form demyelinated plaques within the white matter and in the cortex. These infiltrating immune cells secrete proinflammatory cytokines, chemokines and reactive oxygen species that affect the neurons, due to chronic inflammation and oxidative stress, as well as mitochondrial and ion channel dysfunction, culminating in neuronal death [9].

Extensive studies in EAE mice and MS patients have suggested a key role for several T-cell subsets in MS pathogenesis, but their contribution to the disease is still under investigation. While the initial animal models of EAE emphasized the role of CD4 + T cells [59], Lucchinetti et al. [60] demonstrated that CD8 + T-cell infiltration is present in more than 70% of human MS cortical plaque biopsies. Moreover, CD8 + T cells have been shown to be far more numerous than CD4 + T cells in active parenchymal MS lesions [61]. Notably, higher levels of IL-17A have been detected in the cerebrospinal fluid (CSF) of MS patients compared with that from healthy subjects, and a large proportion (approx. 80%) of CNSinfiltrating T cells express IL-17 in active MS lesions [62,63]. In the classical EAE model, MOG-specific Th17 cells have been shown to form direct physical contacts with neurons and their processes within demyelinating lesions [64]. These contacts were shown to be LFA-1-dependent, but antigen-and MHC class II-independent [64]. Nevertheless, Th17 cells induced a marked, localized and partially reversible raise in Ca 2+ concentration within axons that could lead to axon transection and neuronal soma degeneration [64], while Th1 cells were much less efficient at killing neurons through this mechanism [65]. In contrast, encephalitogenic CD4 + T cells have been shown to contribute to neuronal damage by releasing TRAIL and activate caspase 3 in neurons [65].

Increasing evidence indicates that CD8 + T cells contribute to MS pathogenesis, and animal models in which CD8 + T cells are the main effectors of disease have been developed [66]. For instance, myelin basic protein (MBP)-specific CD8 + T cells have been shown to cause severe CNS autoimmune disease in mice [67]. The MBPspecific CTLs induce demyelination and neuronal apoptosis, in an IFN-γ-dependent fashion, leading to motor function impairment [67]. In a humanized mouse model of EAE, it was demonstrated that MHC class I alleles and CD8 + T cells are directly implicated. In fact, MHC class I-restricted CD8 + T cells efficiently initiated the first attack [68]. Furthermore, T-cell infiltrates were located predominantly in the spinal cord and cerebellum, with signs of demyelination and neuronal degeneration [68].

Collectively, these mouse models highlight the potential for auto reactive CD4 + and CD8 + T cells to contribute directly or indirectly to axonal or neuronal damage. The advances in two-photon in vivo imaging techniques, which allow real-time intravital monitoring of T-cell dynamics and function, will undoubtedly further our understanding of the underlying mechanisms [69].

Paraneoplastic cerebellar degeneration

PCD is a rare and severe neurological disease, caused by the selective loss of Purkinje neurons in the cerebellum. PCD develops mainly in patients with breast or ovarian carcinomas [53,70]. An autoimmune response targeting a cytoplasmic protein (named cdr2) expressed in both tumor cells and Purkinje neurons [55] is thought to ultimately lead to neuroinflammation [71]. However, the presence of cdr2-expressing tumor cells is not sufficient to induce PCD. Actually, 60% of ovarian tumors and 25% of breast tumors express cdr2 in the absence of PCD [70].

The immunopathogenesis of PCD is not fully clarified. Although patients are diagnosed based on high titers of anti-cdr2 autoantibodies, the direct pathogenic contribution of anti-cdr2 autoantibodies is very unlikely, given the intracellular location of the target auto-antigen [72]. However, a recent report of a study using cerebellar organotypic slice culture demonstrated that anti-cdr2 antibody internalization caused deregulation of Ca 2+ homeostasis, leading to morphological changes of Purkinje cells and alterations in the cell signaling pathways, resulting in neurodegeneration [73]. According to one possible scenario, dendritic cells that have phagocytosed apoptotic tumor cells would activate tumorspecific CD4 + and CD8 + T cells in local lymph nodes [72]. As a possible result, most tumors detected in PCD patients have limited disease spread [74]. However, cdr2-specific CTLs would migrate to the CNS and target Purkinje neurons [55]. Indeed, CD8 + T cells are found in the cerebellum of patients with PCD [75]. Moreover, granzyme B-containing CD8 + T cells are observed close to the Purkinje neurons [75], which can express MHC class-I molecules [10].

Although cdr2-specific CTLs were found in the blood and CSF of PCD patients [55,76], there is no evidence that they cause cerebellar pathology. This is in part due to the lack of appropriate animal models of PCD.

Parkinson's disease PD, the most prevalent movement disorder, is caused by the selective degeneration of dopaminergic neurons in the substantia nigra (SN), which are located in the midbrain. CD4 + and CD8 + T cells have been detected within the SN in postmortem specimens from PD patients [77]. The same observation was made in the mouse model of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)induced dopaminergic neuronal death [77]. Further investigation indicated that CD4 + T cells contribute to the neuronal loss induced by MPTP, through activation of the Fas/FasL pathway [77]. Moreover, MHC class I was detected in dopaminergic neurons of the SN in both healthy control and PD postmortem tissues [14]. The same study showed that human stem cell-derived dopaminergic neurons can display MHC class I upon IFN-γ treatment [14]. High exposure to the dopamine precursor, L-DOPA, has been shown to induce MHC class I expression on murine dopaminergic neurons, prior to their subsequent destruction by CTLs [14]. Both studies concur to suggest that T cells contribute to the neuronal loss observed in PD [14,77]. However, the precise T-cell subset at play remains to be firmly determined. Furthermore, other immune cells, such as activated microglia and astrocytes are believed to cause neuronal death in a nonantigen-specific way [78]. This neuroinflammation in PD could well participate to dopaminergic neuronal demise. However, although actively studied, therapeutic immunomodulation has not yet been proved successful in PD.

Therapeutic implications of understanding the consequences of neuron/T-cell interaction

In experimental models such as EAE, the range of possibilities to therapeutically target pathogenic T cells is remarkable. Translation to humans may take 15 years or more and, unfortunately, it has not been consistently correlated with success.

The use of T-cell depletion strategies has been revived thanks to the approval for, and strong beneficial effect of, Alemtuzumab in active MS [79,80]. Alemtuzumab, a humanized anti-CD52 mAb, induces long-lasting (2-3 years) CD8 + and CD4 + T-cell depletion [81]. In view of the data described above, it is noteworthy that the progressive T-cell reconstitution after cycles of Alemtuzumab injection favors cells with a regulatory phenotype (CD25 + FOXP3 + CD127 low ), as well as CD4 + and CD8 + T cells producing IL-10 and TGF-β [82]. A transient increase in circulating IL-4 + T cells has also been noted [82]. During the reconstitution phase, T cells also produce high levels of neurotrophic factors, such as BDNF, CNTF, and PDGF, which favor survival and differentiation of neurons and oligodendrocytes in vitro [83]. Whether these reconstituted T cells can penetrate the CNS and exert neuroprotective functions, however, remains uncertain.

Due to the lack of appropriate techniques, the selective elimination of functional T-cell subsets such as Th1, Th17, effector or memory cytotoxic CD8 + T cells has not been clinically tested. Daclizumab, a humanized anti-CD25 mAb inhibiting signaling through the high-affinity IL-2R, was initially investigated in MS to blunt activated pathogenic CD25 + T cells [84,85]. Unexpectedly, Daclizumab treatment led to only a marginal reduction in conventional CD4 + and CD8 + T-cell numbers and function, but elicited regulatory mechanisms involving CD56 bright NK cells [84,86].

Blocking the migration of T cells (as well as other leukocytes) from the blood to the CNS using anti-integrin monoclonal antibodies or a structural analog of sphingosine has proven highly successful [87,88]. Indeed, the use of anti-α4 integrin mAb, which inhibits VLA/VCAM1 interaction, or functional antagonists of sphingosine-1-phosphate (S1P) receptors, which prevent lymphocyte exit from secondary lymphoid organs into the blood, have produced remarkable therapeutic advances for people with MS [87,88]. It is reasonable to predict that other CNS inflammatory diseases could benefit from this therapeutic approach. However, the weak selectivity of this approach remains a major downside, putting, inter alia, the CNS at risk of opportunistic infections. More selective strategies, which interfere with given T-cell subsets, such as Th17 or cytotoxic CD8 + T cells, will rely on the growing knowledge on the molecular cues governing their transmigration into the CNS. This idea is nevertheless dependent upon two key parameters: (i) the identification of selective/preferential pathways for given T-cell subsets; and (ii) the absence of molecular redundancy for their penetration into the CNS. The inhibition of effector T-cell entry to the CNS by the CCR5 antagonist, maraviroc, in patients with PML-IRIS may be a first encouraging example of a strategy that addresses both parameters [25,26].

Selective inhibition of given immune molecules has been a major therapeutic revolution. The use of monoclonal antibodies targeting soluble T-cell mediators, in particular cytokines, or their receptors is a novel therapeutical approach for patients with CNS inflammatory diseases. mAbs neutralizing IL-17A or GM-CSF have been tested in small trials with MS patients with suggestive efficacy [89,90]. Blocking IFN-γ in MS, as well as in other neurological diseases (Table 1) could be another therapeutical approach. Indeed, IFN-γ is strongly expressed in active MS lesions and intravenous injection of recombinant IFN-γ has been shown to increase MS exacerbation rate [91]. Moreover, the administration of neutralizing anti-IFN-γ mAb could be used to treat patients with hemophagocytic lymphohistiocytosis [START_REF] Agency | Public summary of opinion on orphan designation: Recombinant human anti-interferon gamma monoclonal antibody for the treatment of haemophagocytic lymphohistiocytosis European Medicines Agency[END_REF]. However, the severe opportunistic infections that have been shown to develop mostly in Asian patients who had been treated with autoantibodies neutralizing IFN-γ raise serious concerns for the prolonged use of this strategy [93]. The inhibition of key effector molecules within T cells, such as Granzyme B and IL-17, represents exciting novel strategies for future development. Pharmacologic inhibitors of master transcription factors involved in T-cell differentiation are being developed. For instance, siRNAs target precise molecules within cells, but their efficient delivery to the desired cell population in vivo remains a challenge [94]. The use of 'smart ligands', such as aptamers targeting a specific surface receptor linked to siRNA, may help solve this challenge [95].

The ideal goal in the treatment of CNS autoimmune diseases would be to precisely neutralize the pathogenic autoreactive T cells, instead of deleting large proportions of T cells or targeting molecules needed for a protective immune response. Spectacular results in preclinical animal models of MS with antigen-specific tolerance protocols have been presented [96], supporting this therapeutic approach. However, this has not yet met clinical expectations, possibly due to the ill-defined nature of both the target autoantigens and the pathogenic lymphocyte subsets. Nevertheless, innovative antigen-specific strategies, such as myelin peptide coupled to cells or nanobeads are being followed in MS [START_REF] Lutterotti | Antigen-specific tolerance by autologous myelin peptide-coupled cells: a phase 1 trial in multiple sclerosis[END_REF][START_REF] Getts | Harnessing nanoparticles for immune modulation[END_REF].

Conclusion

In this review, we have focused on the interactions between T cells and neurons and their consequences in CNS disease. In recent years, the role of T cells in tissue damage (and repair) has been increasingly investigated, given the possible therapeutic implications. Nevertheless, the molecular mechanisms through which each T-cell subset mediates neuronal loss or survival remain largely unclear.

Until now, T-cell-associated CNS diseases, such as MS, are gradually responsive to drugs blocking T-cell entry into the CNS. However, more precise therapeutic approaches blocking specific T-cell functions in the CNS are still needed. The emerging knowledge on the genetic bases of CNS inflammatory diseases will, in all likelihood, help design more specific therapies.
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 1 Figure 1 Generation and characterization of the L7-HA mice. (A) Scheme of the L7-HA double knock-in mice. Top: In the Rosa-Stop-HA mice, a LoxP-flanked Stop cassette followed by the haemagglutinin (HA) sequence was introduced in the Rosa26 locus. Middle: In the L7-Cre mice, the Cre sequence was inserted in the Purkinje cell-specific L7/pcp2 gene. Bottom: In L7-HA mice, resulting from the crossing of the Rosa-Stop-HA and L7-Cre mice, the Cre-mediated recombination within the Rosa26 locus permits transcription of HA. (B) HA mRNA expression assessed by quantitative RT-PCR in different organs of L7-HA mice (black bar) or cerebellum of MOG-HA mice (open bar). One experiment representative of three is shown. n.d. = not detected. (C) Expression of HA protein in Purkinje cells from L7-HA mice. Double immunostaining for HA (green) and calbindin (Calb, red). Top row: Littermate control mouse (WT), bottom row: L7-HA mouse. Nuclear staining (DAPI). Scale bar = 50 mm. (D-G) CTLA4 expression was assessed by flow cytometry on Day 5 in transferred HA-specific Thy1.2 + CD4 + (D) or Thy1.2 + CD8 + (E) T cells in the lymph nodes of Thy1.1 congenic mice bearing 4T1 or 4T1-HA tumour, and in tumour-infiltrating total CD4 + (F) and CD8 + (G) T cells.

Figure 2

 2 Figure 2 CTLA4 blockade allows tumour control but causes weight loss and motor impairment in L7-HA mice. (A) Tumour size was determined in L7-HA or wild-type (WT) mice implanted with 4T1-HA tumour cells (10 5 ), injected with no T cells or naive HA-specific CD4 + and CD8 + T cells (10 7 each), with or without treatment with anti-CTLA4 mAb. The values are from the subgroup of mice shown in (B), in which tumour size was assessed daily (5 to 20 mice per group). (B) Weight of 4T1-HA tumour-bearing L7-HA or wild-type mice described in A. The values are from 45 pooled experiments, involving 12 to 32 mice per group. (C) Rotarod performance in wild-type versus L7-HA mice treated as described in A. AED0-D5 = sum of the percentage of time (normalized to Day 0) spent by a mouse on the Rotarod from Day 0 to 5, i.e. before disease onset. No significant differences between groups exist before disease onset. AED15-D20 = sum of the time spent by a mouse on the Rotarod from Day 15 to 20, i.e. after onset of weight loss. The data are from 45 pooled experiments. (D) Distance (m) travelled during a 10 min cycle. AED0-D5 = sum of the distance travelled from Day 0 to 5, i.e. before disease onset. AED15-D20 = sum of the distance travelled from Day 15 to 20, i.e. after disease onset. No significant differences between groups exist before disease onset. Pooled data from two independent experiments. *P 5 0.05; **P 5 0.01; and ****P 5 0.0001.

Figure 3

 3 Figure 3 Treatment with anti-CTLA4 antibody induces marked cerebellar inflammation and Purkinje cell loss selectively in L7-HA mice. (A-I) Histological analysis 20 days after transfer of naive HA-specific CD4 + and CD8 + T cells in L7-HA mice (B, C, E, F, H and I) or littermate controls (A, D and G) implanted with 4T1-HA, with (A, C, D, F, G and I) or without (B, E and H) anti-CTLA4 mAb treatment. Representative staining in brown for CD3 + cells (A-C; top row), microglia (Iba-1, D-F; middle row), and Purkinje cells (calbindin, G-I; bottom row); nuclear counterstaining: haematoxylin (blue). Arrows in (I) point to loss of Purkinje cells. Scale bars = 100 mm. (J) Representative images of immunofluorescence confocal microscopy using co-staining with anti-calbindin and anti-IP3R1 antibodies to label Purkinje cells with independent markers. Nuclear staining was performed with DAPI. Scale bar = 50 mm. (K) Quantitative evaluation of the density of Purkinje cells in 4T1-HA tumour-bearing wild-type (WT) and L7-HA mice, treated or not with anti-CTLA4 mAb. Results are expressed as mean AE SEM of 6-32 mice per group from six independent experiments analysed at either Day 20 or 45 (****P 5 0.0001).

Figure 4

 4 Figure 4 Characterization of immune cells within the cerebellum of L7-HA mice. Flow cytometry analysis of the cerebelluminfiltrating cells in wild-type (WT) and L7-HA mice implanted with 4T1-HA, 15 days after transfer of naive HA-specific CD4 + and CD8 + T cells and treatment with anti-CTLA4 mAb. (A) Cerebellum-infiltrating cells were stained with anti-CD45 (blood-derived cells), anti-CD11b (myeloid cells), anti-Thy1.2 (T cells), anti-B220 (B cells), anti-CD138 cells (plasma cells), anti-CD4 and anti-CD8 mAbs. (B) Cerebellum-infiltrating CD4 + T cells were stimulated in vitro for 16 h with HA 110-119 or a control H-2-IA d -binding peptide and IFN-and IL-17 A production was assessed by intracellular staining. The absolute number of CD4 + T cells that produce IFN-or IL-17 A is shown in the right panels. The mouse indicated by a plus sign is depicted on the flow cytometry plot presented on the left. (C) Cerebellum-infiltrating CD8 + T cells were stimulated in vitro for 16 h with HA 512-520 or a control H-2-K d -binding peptide and IFN-and TNF-production was assessed. The absolute number of CD8 + T cells that produce IFN-or TNF-is plotted on the right panels (*P 5 0.05). The mouse indicated by a plus sign is depicted on the flow cytometry plot presented on the left.

Figure 5

 5 Figure 5 Immune mechanisms of Purkinje cell loss in experimental and human paraneoplastic cerebellar degeneration. Cerebellum of wild-type (A) and L7-HA mice (B-J) 20 days after transfer of anti-HA specific T cells and anti-CTLA4mAb therapy. (A and B) Calbindin staining shows marked loss of Purkinje cells in the L7-HA mice. Scale bars = 100 mm. (C) Double staining for CD8 (orange-brown) and calbindin (dark blue) shows the presence of large numbers of CD8 + T cells in the molecular layer of the cerebellum. Scale bar = 50 mm. (D) Double staining for CD8 and calbindin reveals cytotoxic T cells in contact with Purkinje cells. Scale bar = 20 mm. (E and F) Confocal fluorescence triple staining for Granzyme-B (red), CD8 (green) and calbindin (blue) shows CD8 + T cells in close apposition to Purkinje cells. Note the position of cytotoxic granules all facing the plasma membrane of the Purkinje cells. Scale bars = 10 mm. (G) Double staining for calbindin (blue) and b2microglobulin (brown) showing MHC class I upregulation in the Purkinje cell. Scale bar = 25 mm. (H) Double staining for TUNEL (blue) and calbindin reveals degeneration of a Purkinje cell (arrowhead). Scale bar = 50 mm. (I) Presence of a caspase-3-positive cell with condensed nucleus in the Purkinje cell layer. Scale bar = 10 mm. (J) Microglial cells stained for Mac-3 enclosing a Purkinje cell. Scale bar = 25 mm. (K) Double staining for calbindin (blue) and CD8 (brown) shows severe loss of Purkinje cells and dendritic arborization in a patient with anti-Hu antibody-associated paraneoplastic neurological disorder. Scale bar = 200 mm. Arrowheads point at some remaining Purkinje cells. The inset shows a higher magnification of a CD8 + T cell (arrowhead) in tight apposition to a Purkinje cell. (L) Loss of Purkinje cells (arrowheads) can also be seen in a patient with anti-Ma2 antibody-associated paraneoplastic neurological disorder. Scale bar = 200 mm. Here the insets reveal multiple CD8 + T cells attacking Purkinje cells.

Figure 1 .

 1 Figure 1. Detection of autoantibodies associated with the anti-Hu syndrome. (A) Patient sera containing Hu-specific autoantibodies specifically recognize neurons in the central nervous system (CNS) (magnification 200 ×). Briefly, hippocampal (left panels) and cerebellar (right panels) rat slices (EuroImmun) were incubated with serum from either an individual not affected by paraneoplastic neurological disorders (PNDs) (negative control), either a patient with a confirmed anti-Hu syndrome (positive control), or a subject suspected to suffer from the anti-Hu syndrome, followed by the detection of bound IgG using biotinylated goat anti-human IgG, ABC and VIP kits (Eurobio). The test serum turned out to contain anti-neuron antibodies exhibiting a staining pattern compatible with that of anti-Hu antibodies. (B) The molecular identification of the specificity of such neuron-specific IgGs is made by immunoblotting-based diagnostic tests. Patient-derived serum (1/100 dilution) and cerebrospinal fluid (when available) are incubated on a membrane stripped (right panel) with paraneoplastic neurological syndrome-associated antigens, including amphiphysin, CV2, PNMA2 (Ma2/Ta), Ri, Yo, and Hu proteins (EuroImmun). Upon washing, bound IgGs are detected using alkaline phosphatase-conjugated anti-human IgG antibodies and their position is confronted to a reference scheme.

Figure 2 .

 2 Figure 2. Immunopathogenesis of the anti-Hu syndrome. An anti-Hu syndrome occurs when a vigorous immune response develops against the normally neuron-restricted antigen HuD ectopically expressed by an underlying tumor, most often small-cell lung carcinoma (SCLC). Tissue-resident dendritic cells capture antigens derived from malignant cells, including HuD (A). After the homing of these dendritic cells to tumor-draining lymph nodes, tumor-associated antigens, including HuD, are processed and presented to activate antigen-specific CD4 + and CD8 + T cells (B). The activation of tumor-specific T cells may also occur within neoplastic lesions. In either case, tumor-specific T cells can reach neoplastic lesions. As cancer cells sometimes express MHC class I molecules and likely present HuD-derived peptides, they become attractive targets for HuD-specific CD8 + T cell killing. Partial (or in rare cases complete) control of the tumor growth is therefore afforded (C). In parallel, the HuD-specific T cells activated in tumor-draining lymph nodes and/or within neoplastic lesions, circulate and acquire the capacity to cross the blood-brain-barrier (D). In the central nervous system (CNS), neurons can also express MHC class I molecules, in particular under inflammatory conditions, and can therefore present peptides derived from the highly homologous HuD, HuB, HuC proteins. Thus, neurons become additional targets for HuD-specific CD8 + T cells, resulting in neuronal tissue damage and the related paraneoplastic neurological manifestations (E).
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 1 Figure 1. α4β1-integrin blockade protects CamK-HA mice from developing CD8 T-cellmediated encephalomyelitis. (A) FACS analysis of α4-integrin subunit, β7-integrin subunit, and α4β7-integrin heterodimer expression on in vitro differentiated cytotoxic HA-specific CD8 T cells (one experiment representative of three experiments of in vitro differentiation of HAspecific cytotoxic CD8 T cells).(B) In vitro binding assay of cytotoxic HA-specific CD8 T cells to recombinant ICAM-1 or VCAM-1 IgG and a control protein (DNER-IgG), after pretreatment with isotype control rat IgG2b or anti-α4-integrin-IgG. Pooled data from three independent experiments, each point representing the mean of triplicates. One-way ANOVA ****p < 0.00001. (C and D) Adoptive transfer at day 0 of 5 × 10 6 cytotoxic HA-specific CD8 T cells in nontransgenic mice or in CamK-HA mice treated at day 0, 4, and 8 by an anti-α4, an anti-α4β7, or a control IgG mAb. Impact on the weight (C) and on survival (D) of the recipient mice is shown. (C) One-way ANOVA ***p < 0.0001. (D) Log-rank (Mantel-Cox) test *p < 0.01. (E) Incidence of diabetes insipidus among survivors at day 24 after the adoptive transfer of 5 × 10 6 cytotoxic HAspecific CD8 T cells in nontransgenic mice or in CamK-HA mice treated at day 0, 4, and 8 by an anti-α4, an anti-α4β7, or a control IgG mAb. Diabetes insipidus is defined using dipsticks by a urine-specific gravity ࣘ 1010 on three consecutive days. (C), (D), and (E) are pooled data from three independent experiments, each involving three to five mice per group. Data represent mean ± SEM.

Figure 2 .

 2 Figure 2. Blockade of the α4β1-integrin reduces T-cell infiltration and microglial activation in the CNS. (A-D) FACS analysis of CNS-infiltrating cells at day 8 after adoptive transfer of 5 × 10 6 cytotoxic HA-specific CD8 T cells in CamK-HA mice treated at day 0 and 4 by an anti-α4 or a control IgG mAb. (A) Illustration of the gating strategy. (B) Absolute number of CD45 high Thy1.2 + T cells infiltrating the CNS. Each dot shows an individual animal. Mann-Whitney test *** p < 0.0001. (C) Overlay of MHC class II expression on CD45 int CD11b + cells in mice treated by a control IgG (black line), or anti-α4 mAb (red line). One representative out of three independent experiments is shown. (D) The MFI of MHC class II expression on CD45 int CD11b + microglial cells is shown. Mann-Whitney test *** p = 0.0002. Each dot shows an individual animal. (B and D) are pooled data from three independent experiments, each involving three to five mice per group. Data represent mean ± SEM. (E-G) Brain CD8 T-cell infiltration at day 8 after adoptive transfer of 5 × 10 6 cytotoxic HA-specific CD8 T cells in CamK-HA mice treated at day 0 and 4 by a control IgG (E) or an anti-α4-integrin mAb (F; bar = 50 μm). (G) Histological scoring for parenchymal CD8 T-cell infiltration. Pool of three independent experiments, each involving three to five mice per group. Mann-Whitney test *** p = 0.0002. Data represent mean ± SEM.

Figure 3 .

 3 Figure 3. VCAM-1 blockade retains the clinical phenotype and only partly decreases CD8 T cell CNS infiltration. (A-C) Adoptive transfer of 5 × 10 6 cytotoxic HA-specific CD8 T cells in CamK-HA mice treated at day 0, 4, and 8 by an anti-α4-integrin, a control IgG, anti-VCAM-1 (clone 429 or 6C7.1), or an anti-JAM-B mAb. Impact on the weight (A), survival (B), and on development of diabetes insipidus (C). Pool of two independent experiments, each involving three to six mice per group. (A) One-way ANOVA ***p < 0.0001. (B) Log-rank (Mantel-Cox) test, ns. Data represent mean ± SEM. (D-F) FACS analysis of CNS-infiltrating cells at day 8 after adoptive transfer of 5 × 10 6 CD45.1 + cytotoxic HA-specific CD8 T cells in CD45.2 + CamK-HA mice treated at day 0 and 4 by a control IgG, an anti-α4-integrin, an anti-VCAM-1 (clone 6C7.1), an anti-JAM-B, or both an anti-VCAM-1 and anti-JAM-B mAbs. (D) Illustration of the general gating strategy. (E) Absolute number of CD45.1 + CD8 + T cells infiltrating the CNS. Pool of two to three independent experiments using three to five mice per group. Mann-Whitney test, *p < 0.05, **p < 0.001, ***p < 0.0001. Data represent mean ± SEM. (F) Percentage of CD45 . 1 + CD8 + T cells that are CD44 + CD62L -and that produce IFN-γ and TNF-α. Pool of two independent experiments using two to three mice per group. One-way ANOVA, ns. Data represent mean ± SEM.

Figure 4 .

 4 Figure 4. CNS microvascular endothelial cells express JAM-B in addition to PECAM-1. (A-C) Immunofluorescence staining for JAM-B in the mouse CNS was evaluated on cryosections (6 μm) of brains of CamK-HA mice day 8 after adoptive transfer of 5 × 10 6 cytotoxic HA-specific CD8 T cells. Double immunofluorescence staining of JAM-B (A) and PECAM-1 (B) show colocalization of JAM-B and PECAM-1 staining (C) on all vessels in the mouse cortex. Arrowheads point to representable JAM-B positive (A) and JAM-B/PECAM-1 double positive vessels (C). (D-F) Double immunofluorescence staining of JAM-B (D, arrowheads) and VCAM-1 (E) show a colocalization of JAM-B and VCAM-1 (F) on blood vessels (arrowhead), however JAM-B immune staining can additionally be detected on endothelial cells staining negative for VCAM-1. (F) Arrowheads with stars point to JAM-B positive vessels that do not stain positive for VCAM-1. (G-I) Isotype control staining with rabbit IgG control antibody (G) and PECAM-1 (H) shows no staining for the rabbit IgG (G and I). The variability in background with the anti-JAM-B antibody observed in (A), (D), and (J) is related to the area in the CNS and the inflammatory status of the brain. All sections were counter-stained with DAPI to show cell nuclei. Bars are 50 μm. Panel shown above constitutes one representative staining; in total three individual tissues were processed.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  2, 4, 6, 8, 10, 12, 14 and 16. In one experiment, depleting anti-CD8 mAb (53.6.7) or control IgG (200 mg/mouse) were injected intraperitoneally at Days 7, 9, 11, 13, 15, 17 and 19.

Table 1 .

 1 Human neurological diseases involving targeting of CNS neurons by infiltrating T cells

	Disease	Targeted neurons	Pathogenic T-cell population(s)
	Infectious diseases		
	HTLV-1 associated myelopathy/tropical spastic	Axonal loss in spinal cord	Cytotoxic CD8 + T cells
	paraparesis (HAM/TSP) a)		
	JC virus PML-IRIS b)	Cerebellar granule cells; cortical neurons CD8 + T cells/CD4 + T cells
	Viral encephalitis c)	Infected neurons	Mostly CD8 + T cells
	Acute/subacute postviral encephalitis d)	Neurons	CD8 + and CD4 + T cells
	Toxoplasmic encephalitis e)	Infected neurons	CD8 + T cells
	(Plausible) Autoimmune diseases		
	Narcolepsy f)	Hypothalamic Orexin neurons	CD8 + T cells/CD4 + T cells
	Anti-Hu syndrome g)	Most neurons	CD8 + T cells
	Encephalitis associated with anti-Ma1/2	Diencephalic neurons	CD8 + T cells
	antibody		
	Stiff-person syndrome h)	GABAergic neurons	CD8 + T cells
	Paraneoplastic cerebellar degeneration i)	Purkinje neurons	CD8 + T cells
	Idiopathic central diabetes insipidus j)	Neurohypophysis AVP neurons	CD8 + T cells
	Multiple sclerosis k, l)	Most axons/neurons	Th17; CD8 + T cells
	Febrile infection-related epilepsy syndrome	Temporal neurons and basal ganglia	T cells
	(FIRES) m)		
	Other diseases		
	Parkinson's disease n)	Substantia nigra dopaminergic neurons	CD4 + T cells
	Rasmussen's disease o)	Cortical neurons	CD8 + T cells
	CLIPPERS p)	Brainstem and cerebellum	CD4 + > CD8 + T cells
	Hemophagocytic lymphohistiocytosis q)	Gray and white matter	CD8 + T cells (and NK cells)
	CTLA-4 haploinsufficiency r)	Gray and white matter	Unknown
	2012) 86:2416		
	d) Gogate et al., J Neuropathol Exp Neurol (1996) 55:435		
	e) Blanchard et al., Parasite Immunol (2015) 37:150		
	f) Liblau et al., Lancet Neurol (2015) 14:318		
	g) Pignolet et al., Oncoimmunology (2013) 2:e27384		
	h) Poh et al., J Neurol Sci (2014) 337:235		
	i) Albert et al., Nat Med (1998) 4:1321		
	j) Scheikl et al., J Immunol (2012) 188:4731		
	k) Aktas et al., Neuron (2005) 46:421		
	l) Huseby et al., J Exp Med (2001) 194:669		
	m) Rebillard et al., Lancet Neurology Autoimmune Disorders Conference (2015) personal communication	
	n) Brochard et al., J Clin Invest (2009) 119:182		
	o) Varadkar et al., Lancet Neurol (2014) 13:195		
	p) Simon et al., J Neurol Neurosurg Psychiatry (2012) 83:15		
	q) Deiva et al., Neurology (2012) 78:1150		
	r) Kuehn et al., Science (2014) 345:1623.		

a) Matsuura et al., J. Neuropathol. Exp. Neurol. (2015) 74:2 b) Schippling et al., Ann. Neurol. (2013) 74:622 c) Phares et al., J Virol (
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