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Autoreactive CD8" T cells targeting neurons are the principal suspects in
autoimmune encephalitis (AIE), but supporting data is still lacking. Here we
identify neuron-reactive CD8" T cells in a cohort of six healthy donors and one
patient with anti-Ri encephalitis (Ri-AIE) by querying natural antigen pre-
sentation of neurons that are derived from human induced pluripotent stem
cells. Single-cell RNA sequencing of ex vivo CD8" T cells in an extended cohort
of seven Ri-AlE patients and three aged-matched controls further reveal that
these neuron-reactive CD8" T cells correspond to cytotoxic KIR'CD8" reg-
ulatory T cells. Intriguingly, KIR"CDS8" T cells from most Ri-AIE patients have
reduced expression of KIR and the key regulatory transcription factor, Helios,
encoded by the IKZF2 gene; by contrast, these cells show activated TCR sig-
naling and increased TNF and IFNG gene expression. Importantly, Ri-AIE-
derived KIR*'CDS8" T cells from blood also express higher levels of TOX, a gene
associated with encephalitogenic potential, and is expressed in cytotoxic CD8"
T cells in the brain lesions of one Ri-AlE patient. Altogether, our data hints that
dysregulated activity of neuron-reactive cytotoxic KIR'CD8" T cells may con-
tribute to Ri-AlE pathogenesis.

Autoimmune encephalitis (AIE) is a heterogenous group of neuro-
logical syndromes characterized by the presence of autoreactive
antibodies targeting neuronal or glial antigens located in the intra-
cellular compartment or cellular surface’. In the former case, it is
suspected that, following an immunogenic event such as tumor
development or infection, autoreactive CD8" T cells from the per-
iphery drive disease pathology through the infiltration of the central
nervous system (CNS) and direct recognition of antigens presented
by HLA class I molecules on neurons*™. In this context, tumor- or
pathogen-related antigens would activate peripheral CD8" T cells and

neurological damage would arise without the necessity of an initial
CNS-related insult®. As compared to AIE with surface-targeting anti-
bodies, AIE with intracellular-targeting antibodies shows a higher
brain infiltration of cytotoxic CD8" T cells with a higher number of
granzyme B T cells affixed to neurons and a correlation of those
CD8" T cells with neuronal damage***. Oligoclonal CD8" T cell
expansion has been reported in the blood, brain tissue, and dorsal
root ganglia of patients with AIE®®. Similarly, other paradigmatic
neuroimmunological diseases such as Rasmussen encephalitis (RE)
and Susac syndrome (SuS) also display oligoclonal CD8" T cell
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expansion, thus suggesting a common CD8" T cell-driven pathology
in these disorders®°.

While the phenotype and T cell repertoire of CD8" T cells in RE and
SuS have been vastly studied”', similar studies with in-depth CD8* T
cell assessment are mostly lacking for AIE. Despite many efforts,
neuron-reactive CD8" T cells have not been consistently found in AIE
patients. Circulating cdr2 (Yo)- and HuD-specific CD8* T cells have
been identified in paraneoplastic cerebellar degeneration and anti-Hu
encephalitis patients, respectively®" ™. Yet, other groups have also
contested evidence for circulating CD8* T cells against both these
antigens''°,

In summary, evidence regarding the phenotype of allegedly
autoreactive pathogenic CD8" T cells in AlE is scarce and identification
of neuron-reactive CD8" T cells is still elusive®'°. One of the reasons for
the limited results published so far is that previous studies were
restricted to testing CD8" T cell reactivity against the same antigens as
the ones recognized by antibodies. Yet, there is no evidence that both
the humoral and the cellular immune response should necessarily be
directed against the very same protein. Additionally, whilst certain
authors assessed a broad range of candidate epitopes by generating
peptide libraries and transfecting antigen-presenting cells (APCs) with
HLA molecules, these methods have never been applied to studying
AIE and also have limitations”. In particular, these techniques require
the pre-selection of a restricted number of antigens and HLA alleles.
Furthermore, these techniques, coupled with subsequent conven-
tional readouts, usually are not able to detect CD8" T cell clonotypes
that are present at a frequency lower than 0.01%'®.

Given the state of the art, we believe that there is a need to
develop novel methodologies to address the limitations of current
techniques. First, the search for neuron-reactive CD8" T cells should be
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Fig. 1| Human iPSC-derived neurons trigger antigen-dependent CD8" T cell
activation. a Representative fluorescence microscopy images of hiPSC-derived
neurons from HD6, immunostained for NF-200 (magenta), HLA-ABC (yellow) and
DAPI (blue), untreated (left panels, control) or treated with IFNy and TNFa for 48 h
(right panels, IFNy + TNFa). Bar represents 100 pm. b Flow cytometry analysis of
HLA class I expression (anti-HLA-ABC antibody (clone W6/32)) of hiPSC-derived
neurons from 6 healthy donors (HD1-HD6), untreated (control) or treated with IFNy
and TNFa for 48 h (two-sided Wilcoxon test, p value = 0.0156). n = 6 biological

conducted in a fully human and, ideally, autologous setting. Second,
the experimental setup must include the largest possible range of
neuronal antigens to develop an unbiased approach. Third, this
approach should be able to take into account protein isoforms or post-
translational modifications that can affect antigen recognition by CD8*
T cells®?°,

Here, to fulfill all these criteria, we develop a method to assess
CDS8" T cell activation against a broad repertoire of antigens naturally
produced and presented by autologous hiPSC-derived neurons. Then,
given the strong rationale for the role of autoreactive CD8" T cells in
AIE, we explore the presence of neuron-reactive CD8" T cells in a total
of seven patients with Ri-AIE. We identify neuron-reactive CD8" T cells
in both control and diseased donors and uncover key dysregulated
pathways specifically in CD8" T cells from Ri-AlIE patients. Overall, this
study provides evidence for the implication of dysregulated auto-
reactive cytotoxic CD8" T cells in Ri-AIE and, most importantly, it
presents a novel methodology that can be applied to other auto-
immune diseases.

Results

To assess the global CD8 T cell response against neurons, we resort to
the use of autologous human induced pluripotent stem cell (hiPSC)-
derived neurons®* as APCs. First, to validate this approach, we gen-
erated hiPSCs from six healthy donors (HDs) and differentiated these
hiPSCs into neurons. We then assessed their capacity to trigger
antigen-dependent CD8" T cell activation. Upon stimulation with IFNy
and TNFa, we found that hiPSC-derived neurons display HLA class |
molecules at their surface (Fig. 1a, b, Supplementary Fig. 1). We next
assessed the capacity of hiPSC-derived neurons to activate CD8" T cells
in an antigen-dependent manner. For this, we performed an overnight
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replicates (i.e., donors), in one experiment. ¢ Correlation of the number of spot-
forming units (SFU)/million PBMCs in an IFNy ELISpot assay (y-axis) versus the
percentage of IFNY'CD8" T cells as measured by IFNy secretion assay (x-axis). In
both assays, PBMC (ELISpot) or neurons (IFNy secretion assay) were pulsed over-
night with a pool of CD8* T cell-restricted immunodominant viral epitopes from
EBV, CMV and VZV. Correlations were assessed by running a two-sided Pearson
correlation test. n =9 biological replicates (3 peptide pools per 3 donors), in one
experiment.
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stimulation of ex vivo CD8" T cells with autologous neurons pulsed
with CD8" T cell-restricted viral peptide pools (see Supplementary
Tables 1and 2). In this assay, we were able to elicit an IFNy secretion by
CD8' T cells that correlates with the secretion induced in total per-
ipheral blood mononuclear cells (PBMCs) during a standard IFNy ELI-
Spot assay, demonstrating the capacity of neurons to trigger antigen-
dependent activation of CD8" T cells (Fig. 1c).

As neuron-reactive CD8" T cell clonotypes are also present in
healthy donors?, we initially sought to demonstrate the feasibility of
our method in a cohort of HDs. To identify neuron-reactive CD8" T cell
clonotypes, we developed a coculture system between PBMCs and
autologous hiPSC-derived neurons and monitored CD8' T cell pro-
liferation after in vitro autologous coculture. We assessed the TCR-
chain repertoire of CD8" T cells after 14 days of culture and compared
it to the ex vivo CD8" T cell repertoire (Fig. 2a). We first performed this
assay using PBMCs from 6 HDs and performed conventional TCR-3
chain repertoire metric assessments (Shannon entropy: a measure of
TCR repertoire diversity; clonality: a measure of evenness of TCR chain
distribution). We observed a global yet non-significant decrease in the
clonality (average of 0.3 ex vivo vs 0.25 at 14 days, p value: 0.25) and of
the Shannon entropy (average of 11.095 ex vivo vs 9.96 at 14 days,
p value: 0.21) in the TCR repertoire after the culture (Fig. 2b).

We then analyzed the TCR B-chain sequences to identify reactive
CD8' T cell clonotypes that would have been expanded upon coculture
with autologous neurons. We considered a clonotype to be expanded
in vitro if the TCR-B chain frequency presented with a >9-fold expan-
sion as compared to ex vivo samples. After coculture, we observed
several TCR-B chains whose frequencies were significantly increased
after 14 days of culture (Fig. 2c). Focusing on TCR-p chains repre-
senting >0.5% of total repertoire at day 14, we could highlight a specific
enrichment with a mean of 5.33 clonotypes per donor (range 1-12),
representing from 0.5% to 7.2% of the total repertoire (Fig. 2c). Only
one TCR-B chain was found at an ex vivo frequency >0.01% (HD1-TCR-
B chain: 0.13%, asterisk in Fig. 2c). To ensure that these expanded
clonotypes recognize neurons, we restimulated CD8" T cells with
autologous neurons and sorted IFNy'CD8" T cells in 96-well plates at
one cell per well. We next amplified the mRNA sequences encoding the
TCR-a and TCR-B chains in each well separately in order to reconstruct
the TCRs of these cells. Using this approach, we selected 12 TCRs from
HD4, which we cloned into Jurkat cells to assess their reactivity. We
selected 6 clonotypes that we thought would recognize neurons based
on their expansion kinetics in vitro, while the 6 other clonotypes were
classified as non-expanded (did not display an exponential increase
between day 7 and day 14 of coculture, Supplementary Table 3). When
cultured with autologous neurons, 6/6 TCRs extracted from neuron-
expanded CD8" T cells displayed a specific activation. The addition of
an anti-HLA class I blocking antibody, preventing the TCR-HLA inter-
action, specifically abrogated this activation. Similarly, neurons that
were not stimulated with IFNy and TNFa, thus not presenting antigens
through HLA class I molecules, did not elicit any TCR activation
(Fig. 2d). Conversely, TCRs cloned from non-expanded (i.e., fold-
increase <2 compared to ex vivo) CD8" T cells at day 14 did not activate
in contact with autologous neurons, thus demonstrating that our
technique efficiently expands neuron-reactive CD8" T cells (Fig. 2d).

Next, we looked for the presence of neuron-reactive CD8" T cells
in a patient suffering from anti-Ri-AIE (RiOl1), in which the auto-
antibodies target an intracellular antigen. As described for HDs, we
generated hiPSC-derived neurons that upregulated HLA class I mole-
cules upon IFNy and TNFa exposure (43.4 fold change as measured by
flow cytometry, Fig. 3a for fluorescence microscopy observations). We
next performed our autologous PBMC-neuron coculture assay to
assess whether we could identify neuron-reactive CD8" T cells in this
patient. In sharp contrast with HDs (Fig. 2b), CD8" T cells from the RiO1
patient revealed the monoclonal expansion of one TCR-B chain,
representing 58.81% of the total repertoire at day 14 (vs 6.47% ex vivo,

Fig. 3b). Interestingly, the TCR- chain repertoire clonality increased
from 0.34 ex vivo to 0.6 (1.76 fold increase) after coculture (Fig. 3b)
while HD clonality displayed a decrease from a mean of 0.3 ex vivo to
0.25 (0.85 fold change) (Fig. 2b). To verify if the expanded TCR B-chain
belonged to a TCR reactive for neurons, and since one concomitant
TCR-a chain was also expanded at day 14, we cloned the paired TCR a-
and B-chains into Jurkat cells and assessed their activation. Upon
overnight coculture with neurons from RiOl, we could validate that
this TCR recognizes neurons and that the antigen-dependent activa-
tion was blocked by the addition of an anti-HLA class | antibody
(Fig. 3¢). Additionally, the most prevalent yet non-expanded clonotype
was used as a control and did not react against neurons (Fig. 3c).

Next, to further investigate the phenotype of CD8" T cells in Ri-
AIE, we performed single-cell RNA sequencing (scRNAseq) on sorted
ex vivo circulating CD8" T cells from seven patients with Ri-AlE
(including RiO1 patient for whom we had found the neuron-reactive
CDS8' T cell clonotype) as well as three sex- and age-matched donors
without an autoimmune disease (AgD) (Fig. 4a, Supplementary
Tables 4 and 5). Unsupervised clustering with all samples combined
highlighted 16 different clusters (Fig. 4b) with different CD8" T cell
populations according to conventional phenotyping markers?. Clus-
ters 3-5 were enriched in naive CD8" T cells; clusters 0, 1, 13, and 14 in
effector cytotoxic CD8" T cells; clusters 6 and 12 in activated CD8"
T cells; and clusters 2, 10, and 15 in memory CD8" T cells (Supple-
mentary Fig. 2). We observed a similar distribution of all samples
across all clusters (Supplementary Fig. 3a, b). Furthermore, when
comparing cluster repartition between AgD and Ri-AlE groups, we did
not observe significant differences in CD8" T cell frequency per cluster,
except for cluster 6, which was enriched in Ri-AIE patients (Supple-
mentary Fig. 3c). Focusing on neuron-reactive CD8" T cells from RiOl
patient (Fig. 3), we noticed that 93.48% of the cells from this clonotype
were present in cluster 1, the remaining minority of cells being loca-
lized in clusters 2, 8, 14, and 3 (Fig. 4c¢).

Given that almost all these identified neuron-reactive CD8" T cells
were gathered in cluster 1, we turned to this unique cluster to further
look for neuron-reactive CD8" T cells in the remaining six Ri-AIE
patients and three AgDs. Interestingly, within this cluster, we found no
difference in the TCR-B chain repertoire metrics (clonality and Shan-
non entropy) between the AgD and Ri-AIE groups (Supplementary
Fig. 4a). Globally, cluster 1 was composed of 11,598 cells from 1184
individual clonotypes. We found 488 individual clonotypes from 5014
cells in all AgDs (average of 162.7 clonotypes/donor) versus 696 clo-
notypes from 6584 cells in Ri-AlE (average of 99.4 clonotypes/donor,
Fig. 4d). Among them, 39.5% and 45.2% of these clonotypes were found
expanded ex vivo (i.e. =2 cell per clonotype) in AgDs and Ri-AIE
respectively, without significant differences between groups (Fig. 4d).
Of note, expanded clonotypes represented 94.1% of all cells from
cluster 1, congruent with an enrichment in effector CD8" T cells. To
determine whether any of these ex vivo expanded clonotypes recog-
nized neurons, we selected within cluster 1 several clonotypes per
donor among those that displayed the strongest expansion. Clono-
types were selected according to the following criteria: (1) >10 CD8*
T cells in cluster 1; and (2) >60% of cells from this clonotype present in
cluster 1. We selected a total of 48 clonotypes, 27 from AgDs (49.1% of
allexpanded CD8' T cells ex vivo in cluster 1 from AgDs) and 21 from Ri-
AIE (23.7% of all expanded CDS8" T cells ex vivo in cluster 1 from Ri-AIE),
fulfilling the above definition (Fig. 4d). We individually cloned these 48
TCRs into Jurkat cells (Supplementary Data 1) and assessed the lumi-
nescence induced by TCR activation after an overnight culture with
partially HLA-matched hiPSC-derived neurons. On average, 4.66/6
HLA-class | alleles were matched for AgDs and 5.42/6 for Ri-AlE
patients, with an average of 9 clonotypes/donor tested for AgDs and 3
clonotypes/donor for Ri-AlE (Supplementary Table 6). We observed an
HLA-mediated TCR activation in 40.7% of AgD clonotypes and 42.9% of
Ri-AIE clonotypes (no statistical difference) that was completely
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abolished in presence of a blocking anti-HLA-ABC antibody (Fig. 4e).
We then assessed the ex vivo frequency of these neuron-reactive CD8"
T cell clonotypes in AgD and Ri-AlE groups and observed no significant
difference (Supplementary Fig. 4b). To investigate if these TCRs cross-

reacted with peripheral antigens, we cocultured TCR-expressing Jurkat

cells with PBMCs from the same donors as for the hiPSC-derived
neurons. We found that 85% of the neuron-reactive TCRs also activated

upon culture with PBMCs, but with less intensity than neurons (Sup-
plementary Fig. 4c). Altogether, these data demonstrate that auto-
reactive CD8" T cells recognizing neurons are a common feature of the
aged repertoire and not exclusive to Ri-AlE patients.

We next dived into the characterization of these neuron-reactive

clonotypes to start unveiling the functionality of CD8" T cells from
cluster 1. Among the most discriminant genes defining this cluster, we
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Fig. 2 | Human iPSC-derived neurons trigger the expansion of rare neuron-
reactive CD8' T cell clonotypes in healthy donors. a Schematic representation of
the experimental workflow for the identification of neuron-reactive CD8* T cell
clonotypes. First, a coculture of PBMCs with autologous neurons is performed for
14 days. Second, TCR-B chain repertoires at day 14 of coculture are compared to
ex vivo TCR-f repertoires to identify expanded TCR-B chains. Third, paired TCR-a
chains of expanded clonotypes are identified by scTCRseq, and both TCR-a: and
TCR-B chains are co-transfected into NFAT-luciferase reporter Jurkat CD8" T cells,
which are then cultured overnight with neurons. Luminescence values are then
measured on a multimode microplate reader (see methods). Created in BioRender.
Perriot, S. (2025) https://BioRender.com/duayzpo. b TCR-B chain repertoire clon-
ality (top) and Shannon entropy (bottom) of CD8" T cells ex vivo and after 14 days
of neuron-PBMC coculture for all 6 HDs (two-sided Wilcoxon tests). n = 6 biological
replicates (i.e., donors), performed once per donor across 2 independent experi-
ments. ¢ TCR-B chain repertoire analysis of the CD8' T cells from 6 HD ex vivo and
after 14 days of coculture. Each slice represents a unique TCR- sequence. Slice size
represents the frequency of each sequence in comparison with the total TCR-$
chain sequences. Colored slices represent TCR-B chains that underwent a 9-fold
expansion as compared to ex vivo frequencies, and that constitute >0.5% of total

TCR-B after 14 days of coculture. The asterisk indicates the only TCR-f representing
more than 0.5% ex vivo (HD1). The value at the center of each pie chart represents
the clonality of each TCR-f repertoire. All TCR-f sequences <1:1000 are grouped
into one slice (black and grey patterned slice). n = 6 biological replicates (i.e.,
donors), performed once per donor across 2 independent experiments.

d Luminescence values of TCR-transfected NFAT-luciferase Jurkat cells after over-
night culture with autologous neurons. Overnight culture was performed with
Jurkat cells bearing TCRs that were identified as expanded in HD4 (blue) or pre-
valent TCR-f chains at day 14 that were non-expanded (grey). All luminescence
values are adjusted to the background signal emitted by each respective TCR. For
each clonotype, experimental conditions include neurons treated and non-treated
with IFNy + TNFa (thus HLA class I positive and negative, respectively) or with the
addition of a blocking anti-HLA-ABC antibody (clone W6/32). Differences between
resting vs stimulated conditions were assessed by a Kruskal-Wallis test: ns, not
significant; **p < 0.01; **p < 0.001. Expanded clonotypes, +IFNy/TNFa vs +IFNy/
TNFa/anti-HLA: adj. p value = 0.0002. Expanded clonotypes, +IFNy/TNFa vs -IFNy/
TNFo: adj. p value = 0.0021. n = 6 biological replicates (i.e., unique TCRs), this
experiment was performed once. Data are presented as mean values + SEM.
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Fig. 3 | Autologous hiPSC-derived neuron-reactive CD8" T cells present with an
important clonal expansion in a patient with Ri-AIE. a Representative fluores-
cence microscopy images of hiPSC-derived neurons from RiO1 immunostained for
NF-200 (magenta), HLA-ABC (yellow) and DAPI (blue), untreated (left panels,
control) or treated with IFNy and TNFa (right panels, IFNy + TNFa) for 48 h. Bar
represents 100 pm. b TCR-B chain repertoire analysis of the CD8" T cells from RiO1
ex vivo (left) and after 14 days (right) of coculture with neurons. Each slice repre-
sents a unique TCR-f3 sequence, and the size of the slice represents the frequency of
each sequence in comparison with total TCR-3 sequences. Strongly expanded clone
at D14 is displayed in dark orange with a prevalent yet non-expanded (i.e., control)
clonotype in light orange. The value at the center of each pie chart represents the

clonality of each TCR-B chain repertoire. All TCR-f3 sequences <1:1000 are grouped
into one slice (black and grey patterned slice). n=1. ¢ Luminescence values of TCR-
transfected NFAT-luciferase Jurkat cells after overnight culture with neurons from
RiO1. Experimental conditions include a transactivating anti-CD3/CD28 antibody
without neurons, neurons treated or non-treated with IFNy and TNFa or with the
addition of a blocking anti-HLA-ABC antibody (clone W6/32). Jurkat cells were
either transfected with the strongly expanded TCR identified in b) (dark orange) or
with the most frequent yet non-expanded TCR at day 14 (light orange). Data are
presented as mean values + SEM. The expanded clonotype has been validated in
n =3 independent experiments.

found that killer cell immunoglobulin-like receptors (KIR), including
KIR2DL1, KIR2DL3, KIR2DL4, KIR3DL1, KIR3DL2 and KIR3DL3, ranked
among the top 10 most upregulated genes along with the transcription
factor IKZF2 (Helios), and the killer cell lectin like receptors (KLR)
KLRC2 (NKG2C) and KLRC3 (NKG2E) (Supplementary Data 2). These

data indicate that the CD8" T cells from cluster 1 are enriched in
KIR*'CDS8" Treg cells. We further characterized the phenotype of these
cells by assessing the expression of activation markers, costimulatory
receptors, cytotoxic markers, immune regulation, checkpoint inhibi-
tors, KIRs and a set of transcription factors (Fig. 4g). Overall, the
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KIR'CDS8" Treg cells signature could be fully validated with cells from
cluster 1 highly expressing not only the afore mentioned KIR family
genes and the transcription factor /KZF2 (Helios) but also additional
transcription factors such as TOX and EOMES, an effector cytotoxic
signature (PRF1, GZMA, GZMB, IFNG, TNF) as well as certain checkpoint
inhibitors (CD160, CD244, TIGIT), concordant with TOX expres-
sion (Fig. 4g).

Interestingly, KIR'CD8" Treg cells are known to be increased in
aging, infection, cancer and autoimmunity” ?’. Their primary function
seems to be killing autoreactive CD4" T cells through classical cyto-
toxicity to prevent autoimmunity”. We thus hypothesized that
neuron-reactive KIR"CD8" Treg cells may display an altered phenotype
in Ri-AlE, which would contribute to the development of CNS auto-
immunity. We thus performed a differential gene expression analysis
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Fig. 4 | Neuron-reactive KIR'CDS8" T cells are a common feature in aged donors
and Ri-AlE patients. a Schematic representation of the experimental workflow for
the identification of the neuron-reactive CD8" T cell clonotypes and associated
phenotypes. Single-cell RNA sequencing (scRNAseq) was performed on ex vivo
circulating CD8' T cells from seven patients with Ri-AIE (including RiO1) as well as
three sex-and age-matched donors without an autoimmune disease (AgDs). Data
were analyzed altogether by unsupervised clustering. Both neuron-reactivity (via
TCR-transfection into NFAT-luciferase reporter Jurkat cells) and phenotype of
selected clonotypes were further investigated in Ri-AIE vs AgD. Created in BioR-
ender. Perriot, S. (2025) https://BioRender.com/nhxjm7k. b UMAP displaying
unsupervised clustering of ex vivo CD8" T cells from three AgDs and seven Ri-AIE
patients assessed by scRNAseq, resulting in 16 different clusters. ¢ Highlighting of
cluster 1 (green) and CD8' T cells presenting with the same TCR-3 chain CDR3
amino acid sequence as the strongly expanded neuron-reactive clonotype from
RiO1 (red). The pie chart on the top right highlights the cluster repartition of this
clonotype, with each cluster represented in a different color and slices representing
the percentage of cells belonging to each cluster from (b). d Pie charts representing
the distribution of clonotypes (left) and cells (right) from AgDs (top) and Ri-AIE
patients (bottom) present in cluster 1. The proportion of CD8" T cells with one
unique TCR is displayed in dark grey and those with >2 identical TCR in light grey
(i.e., expanded ex vivo). Clonotypes were selected and tested for neuron-reactivity

if they presented with the following criteria: (1) a clonotype with >10 CD8* T cells in
cluster 1; (2) >60% of CD8' T cells from this clonotype present in cluster 1. From
CDS8" T cells fulfilling these criteria, we selected 27 from AgD (blue slice) and 21 from
Ri-AIE (orange slice). e Dot plot representing luminescence values of TCR-
transfected NFAT-luciferase Jurkat cells from AgD (blue) or Ri-AIE (orange) after
overnight culture with HLA-enhanced neurons (matched for HLA haplotype).
Horizontal dotted line represents positivity threshold established at a lumines-
cence value of 5000 (neuron-reactive CD8" T cell clonotypes are highlighted in
darker shades of blue (AgD) or orange (Ri-AIE)). For both groups, a control con-
dition with a blocking anti-HLA-ABC was included to ensure that the activation of
Jurkat cells was TCR-mediated (two-sided Wilcoxon test, AgD p value = 0.001, Ri AIE
p value = 0.0003 among neuron-reactive CD8' T cells). n =27 for AgD and n = 21 for
Ri-AlE, neuron-reactive clonotypes were validated once per TCR across two inde-
pendent experiments. Data are presented as mean values + SEM. f Bar plots sum-
marizing the proportion of neuron-reactive clones (blue) vs non-reactive clones
(light blue) among AgDs (left) and Ri-AlE patients (orange vs light orange, right).
g Heatmap displaying differentially expressed genes among all 16 clusters (x-axis).
Genes displayed on y-axis are classified into functional categories conventionally
used to classify CD8" T cell phenotype. Upregulated genes are displayed in red with
downregulated genes in blue.

at the single cell level, comparing the transcriptomic profile between
neuron-reactive KIR"CD8" Treg cells in cluster 1 from Ri-AIE patients
and AgDs. We found 238 upregulated genes (logFC>0.5, adj-p
value <0.05) and 437 downregulated genes (logFC<-0.5, adj-p
value < 0.05; Fig. 5a, Supplementary Data 3). The top five most enri-
ched KEGG pathways corresponded to antigen processing and pre-
sentation, Leishmaniasis, rheumatoid arthritis, Thl7 cell
differentiation, and human T-cell leukemia virus 1 infection (Fig. 5b).
Because these KEGG pathways are associated with increased T cell
activation and cytotoxicity, we selected a large panel of genes covering
important aspects of CD8" T cell functions, such as KIR-related mar-
kers, effector functions (cytotoxicity and cytokine production) as well
as TCR activation and TCR inhibition, activation markers and pro-
inflammatory signaling. First, neuron-reactive KIR'CD8" Treg cells
from Ri-AIE patients, as compared to AgDs, displayed a significant
decrease in markers associated with Treg phenotype, in particular
IKZF2 (Helios), genes of the KLR family (KLRC2, KLRC3, KLRKI) and the
inhibitory receptors KIR2DL1 and KIR2DL3. Receptors from the KIR3DL
subfamily tended to decrease as well (Fig. 5c). Interestingly, KIR2DL4,
the only activator receptor of the KIR2DL family, displayed a trend of
increase (1.77-fold increase). As KIRs act by modulating TCR down-
stream signaling, we sought to assess if this global downregulation of
inhibitory receptors was associated with TCR activation. Consistent
with this decrease of inhibitory receptors, neuron-reactive KIR‘CD8*
T cells from Ri-AlE displayed a strong increase in genes associated with
TCR activation (FOS, FOSB, JUN, JUND, RELB, EGRI, EGR2; Fig. 5d) and a
global trend to a decrease in genes active in TCR signaling inhibition,
INPPSD (SHIP1) and CBLB being significantly downregulated (Fig. 5e).
We next investigated if this observation translated into an increase in
activation markers and effector function. As expected, most of the
activation markers studied displayed a significant increase as com-
pared to neuron-reactive KIR'CD8' T cells from AgDs (HLA-DQAI, HLA-
DQBI, HLA-DRA, HLA-DRBI, CD44, CD69, CD74, ICAMI; Fig. 5f). Inter-
estingly, we observed a significant increase in genes involved in pro-
inflammatory cytokine and chemokine production (/FNG, TNF, CCL3,
CCL4, CSFI). Additionally, these cells displayed a decrease in GZMH
while they retained an important expression of other cytotoxic genes
(GZMK, LAMPI, NKG?) (Fig. 5g). Overall, the functional profile of
neuron-reactive KIR"CD8" Treg cells appears to be disrupted in Ri-AIE
with a decrease of markers associated with the regulatory function but
a strong increase in TCR signaling, overall activation and cytokine
production, suggesting a shift toward a more activated and potentially
pathogenic phenotype. In order to assess interindividual variability, we

aggregated all cells for each donor to conduct a pseudobulk analysis at
the donor level. This analysis showed consistent patterns across mul-
tiple donors and evidenced trends confirming the analysis performed
at the single-cell level (Supplementary Figs. 5 and 6).

Additionally, we compared CD8" T cells from RiOl during disease
and during clinical remission (5 months later, when the patient was
treated by mycophenolate mofetil and corticosteroids) to explore if
the neuron-reactive CD8" T cell clonotypes identified during disease
would present with phenotypical differences during remission. Due to
the limited number of cells analyzed, we found very few dysregulated
genes between the two timepoints (Supplementary Fig. 7a). Specifi-
cally, FOSB and JUND were the two most dysregulated genes, both
significantly increased at the disease timepoint. Taking into account
the most dysregulated genes in Ri-AlE, we could observe that the cells
from RiOl at disease peak mostly segregated together from the cells
from RiOl1 at remission suggesting global changes in the gene
expression profile despite a low individual significance (Supplemen-
tary Fig. 7b). Strikingly, most gene expression changes in Ri-AlIE at
disease peak versus remission mirrored the dysregulation found in
neuron-reactive CD8" T cells from Ri-AIE versus AgDs (Supplementary
Fig. 7c). These data suggest a global reverting of the pathogenic phe-
notype of neuron-reactive CD8" T cells concomitant with clinical
improvement.

Last, since TOX was one of the key transcription factors associated
with cluster 1 (Fig. 4g, Supplementary Data 2), and as it plays a major
role in T cell exhaustion and triggering an encephalitogenic programin
CDS8' T cells, we looked at the expression of genes controlled by TOX?.
Some genes known to be upregulated by TOX (ZFP36L1, NFKBIA) were
also upregulated in neuron-reactive KIR*CDS8" T cells from Ri-AIE, while
the genes downregulated by TOX mostly displayed a trend to decrease
(only /D2 was significant) (Fig. 5h). These data again suggest that TOX is
active in this subset of neuron-reactive CD8" T cells.

Having demonstrated the effector and activated phenotype of
neuron-reactive KIR"CD8" T cells in Ri-AIE as compared to AgD, we
addressed one critical question: are these cells present in the CNS?
Indeed, to be able to trigger symptoms in Ri-AlE patients, these cells
would have to be present in the brains of patients. As we were able to
obtain autopsy tissue for one RI-AIE patient from our cohort (Ri02), we
looked for the presence of cytotoxic CD8" T cells in the lesions of this
patient as compared to age-matched controls (Fig. 6a, b). We observed
a massive CD8" T cell infiltration (mean of 7 CD8" T cells/mm?) in Ri02
patient as compared to five age-matched controls (mean of 1 CD8" T
cell/mm? Fig. 6c¢). Supporting a role for TOX in inducing an
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encephalitogenic program in CD8" T cells®, we found that 58.8% of
CDS8" T cells in these brain lesions were positive for TOX (Fig. 6d).
Additionally, 82.2% of CD8" T cells in the lesions were GzmB* and
affixed to neurons (Fig. 6e).

Overall, our results demonstrate that while blood-circulating
neuron-reactive KIR'CD8" T cells are commonly present in aged

Ri-AIE AgD Ri-AIE AgD

1 I 1
Ri-AIE AgD Ri-AIE AgD

individuals, those of Ri-AIE patients have lost their regulatory pheno-
type, are more activated and are present in the brain. Importantly, this
disease-associated phenotype was partially reverted in CD8" T cells
from one of these patients taken during clinical remission. Altogether,
these findings assert the pathogenesis of autoreactive CD8" T cells in
Ri-AIE.
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Fig. 5 | Neuron-reactive KIR'CDS8' T cells from cluster 1 in Ri-AIE patients are
strongly activated and express high levels of pro-inflammatory cytokines.

a Volcano plot highlighting all significantly upregulated (orange) and down-
regulated genes (blue) between neuron-reactive KIR*CD8" T cells from Ri-AIE vs
AgD. Vertical ticked lines represent the fold-change threshold set at an average
log,FC(0.5) for upregulated or log,FC(-0.5) for downregulated genes. Horizontal
ticked line represents the adjusted p value threshold established at 0.05. All sig-
nificantly differentially expressed genes from c-h are annotated on the plot. b Dot
plot of KEGG pathway enrichment analysis highlighting the 5 most enriched
pathways according to adjusted p value, in neuron-reactive KIR"CD8" T cells from Ri

AIE vs AgD. The enrichment score is scaled from blue to orange (strongest score),
with each dot reflecting the percentage of gene overlap relative to each pathway.
c-h Heatmaps displaying selected genes involved in key CD8" T cell functions such
asimmune regulation (c), TCR activation (d) or inhibition (e), activation markers (f),
pro-inflammatory signaling (g) or TOX-controlled genes (h). Highly expressed
genes are represented in orange and low-expressed genes in blue. A star is dis-
played in the column for neuron-reactive KIR"CD8" T cells from Ri-AIE when genes
from this group were significantly differentially expressed as compared to neuron-
reactive KIR"CD8" T cells from AgDs.
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Fig. 6 | Cytotoxic TOX'CDS8" T cells infiltrate the brain in Ri-AIE. a Representative
immunostaining of brain tissue from one aged-matched control. Brain tissue was
stained for CD8 (yellow) and DAPI (blue). Bar length represents 20 pm.

b Immunostaining of a brain lesion in autopsy tissue from Ri02. Left panels: Brain
tissue was stained for TOX (red), CD8 (yellow) and nuclei (blue). Bar length
represents 20 um. Right panels: Brain tissue was stained for GZMB (magenta), CD8

(yellow), and nuclei (blue). Bar length represents 25 um. ¢ Quantification (cells/
mm?) of brain-infiltrating CD8" T cells in Ri02 (orange) vs aged-matched donors
(n=S5, blue). Each dot represents one individual sample. Bar height represents the
mean + SEM. d Quantification of the proportion of TOX'CD8" T cells among total
brain-infiltrating CD8" T cells for Ri02. e Quantification of the proportion of
GZMB'CDS8" T cells among total brain-infiltrating CD8" T cells for Ri02.

Discussion

Here, we report on an unbiased novel method to identify neuron-
autoreactive CD8" T cells in a human-based and autologous system.
The antigen-presenting cells used in this technique are the cells natu-
rally producing the antigens in the body and, therefore, can present
the broadest range of antigens with the right cell-type-associated post-
translational modifications and splicing. Indeed, such antigen mod-
ifications have been demonstrated to strongly influence T cell anti-
genic recognition in cancer”, and it has been known for a long time
that citrullination, for example, plays a role in antigen recognition in
autoimmune diseases™. In addition, by using autologous neurons, we
can simultaneously screen for T cell recognition against all relevant
HLA alleles for the studied cohort.

Applying this method to first screen for the presence of neuron-
reactive CD8" T cells in young HDs (median age 36 years old), we
could uncover that six out of six donors demonstrated expansion of
specific T cell clonotypes upon coculture with neurons. Further
validation of individual TCRs showed that expanded CD8' T cells in
these conditions are indeed neuron-reactive. Although it has been
previously shown that certain HDs may harbor hypocretin neuron,
astrocyte or oligodendrocyte-reactive CD8" T cells®?*?, these
results highlight that the presence of circulating neuron-reactive
CD8' T cells is a highly common feature of the human TCR reper-
toire. Our data demonstrate that they are most strikingly present at
very low frequencies in all young HDs studied (mostly below 0.01%,
Fig. 2¢). Of note, identification of these neuron-reactive CD8" T cells

in young HDs was possible only thanks to the very high sensitivity of
our assay which depends only on the number of T cells used as input
and demonstrated sensitivity superior to 0.001% (with an input of
10° CD8" T cells). In comparison, conventional methods are mostly
limited to frequencies above 0.01%"®. As such, the methodology
described here holds great promise to study the CD8" T cell reper-
toire in patients with autoimmune diseases but also in HDs, thus
providing the scientific community with the right tools to address
fundamental questions on the development of autoreactive CD8"
T cells and how they can go rogue in autoimmunity.

In the second part of this study, we focused our analysis on
the identification of neuron-reactive CD8" T cells in a larger
cohort of three aged control donors without autoimmune disease
(AgDs, median age 70.5 years old) and seven aged-matched Ri-AIE
patients (median age 69 years old). Again, neuron-reactive CD8"
T cells were identified in all donors, but contrasting with the
results from younger donors, ex vivo neuron-reactive CD8" T cells
were more abundant in Ri-AIE and AgDs (ranging from 0.01% to
6.47%, Supplementary Fig. 4b). Of note, there was no difference in
terms of frequencies of neuron-reactive CD8" T cells between
AgDs and Ri-AlE. Due to the partially HLA-matched system we
used to assess TCR reactivity, we cannot rule out that certain
neuron-reactive CD8" T cell clonotypes may have been missed
due to incomplete HLA matching. Nevertheless, the similar pro-
portion of neuron-reactive CD8" T cell clonotypes between AgDs
and Ri-AIE patients mitigates this concern.
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Resorting to single-cell transcriptomic analysis coupled with TCR
sequencing, we uncovered that these autoreactive clonotypes belon-
ged to a subset of CD8" T cells expressing the KIR family and the
transcription factor Helios (IKZF2). These markers are characteristic of
KIR*CD8" Treg cells. They have been shown to be expanded in aging,
infection, cancer and various autoimmune diseases®****, KIR expres-
sion on CD8" T cells plays a role in long-term survival as well as con-
trolling TCR activation to prevent excessive and deleterious effector
functions®. While the antigen specificity of KIR"CD8" Treg cells has not
been fully elucidated, a few studies reported that they most likely
recognize autoantigens through classical TCR-HLA class I (either A, B,
C) or HLA-E interactions®>**. Interestingly, recent studies demon-
strated that one of the key targets of KIR'"CD8" Treg cells is CD4"
T cells, in particular autoreactive ones, which contribute to preventing
autoimmunity®. In cancer, KIR'CD8" Treg cells infiltrate tumors and
are associated with a bad prognosis since they are acting on other
immune cells to dampen the immune response against tumors”. These
seminal studies contributed to identifying KIR"CD8" T cells as a novel
Treg subset acting through cytotoxic effector functions™?.

Interestingly, KIR'CD8' T cells can be increased in autoimmune
diseases, raising the question of their actual regulatory capacities in
these diseases®. Actually, phenotypic differences of KIR'CD8" Treg
cells in the healthy state versus autoimmune diseases have not been
thoroughly described. In the present study, we show that KIR"CD8"
T cells can recognize neurons, notably in the context of Ri-AlE, a dis-
ease in which autoreactive CD8" T cells are suspected to be the main
pathogenic effectors? Strikingly, we find in the single cell analysis that
the expression of KIR genes (in particular the KIR2DL family), IKZF2
and genes involved in inhibiting TCR downstream signaling are sig-
nificantly decreased in neuron-reactive CD8" T cells from the Ri-AIE
group as compared to aged-matched controls. Concomitantly, these
cells display strong TCR signaling coupled with increased expression
of activation markers and cytokine production, thus demonstrating
increased effector functions.

In line with our findings, Li et al. reported increased expression of
activation and cytotoxic markers in low KIR-expressing CD8" T cells vs
high KIR-expressing CD8" T cells®. Of importance, this study explored
the role of KIR'CD8" Treg cells in various autoimmune conditions,
including multiple sclerosis (MS), the most frequent neurological
autoimmune disease. Strikingly, KIR'"CD8* T cells in MS were char-
acterized by the increase of a specific subset displaying strong IFN
signaling®. Mirroring this finding, we found a specific gene set related
to IFN signaling to be increased in neuron-reactive KIR'CD8" T cells
from Ri-AlE. Of note, all Ri-AIE patients but one suffered from cancer as
an underlying cause of AIE. Yet, it is suspected that the autoreactive
CD8' T cells responsible for AIE are primed within tumors before tar-
geting the CNS. It has been demonstrated that tumors from patients
suffering from AIE with anti-Hu antibodies, another CD8" T cell-
mediated AIE, were characterized by increased IFNy signaling, mir-
roring our finding of high IFN signaling in neuron-reactive KIR*CD8"
T cells in Ri-AIE*. Altogether, our results raise the question whether the
microenvironment of some tumors may provide high TCR stimulation
together with IFN signaling to infiltrating KIR'CD8" Treg cells. The
latter cells would, in turn, downregulate KIRs, overruling inhibitory
control, thus gaining the ability to cause AIE by directly recognizing
neurons through their TCR.

Interestingly, our results demonstrate that these KIR'CD8" T cells
produce TCRs able to recognize both neurons and immune cells, albeit
at a lower magnitude. Interestingly, a similar cross-reactivity has pre-
viously been demonstrated for CD4" T cells in the context of MS, with
some CD4" T cells recognizing the RASGRP2 antigen expressed by B
cells and cortical neurons*. Given that KIR'CD8" Treg cells are known
to recognize autoreactive CD4" T cells through their TCR, by analogy,
we suggest that dysregulated CD8" T cells in AIE may not only recog-
nize immune cells, but also neuronal antigens®. However, to be more

assertive, the specificity of these autoreactive KIR"CD8" T cells would
have to be studied more in depth, especially because 15% of the
neuron-reactive TCRs we identify recognize only neurons and
not PBMCs.

We also found that TOX was one of the transcription factors
associated with the KIR'CDS8" T cell cluster in our dataset. Interestingly,
TOX is mostly known in the context of chronic infection and cancer, in
which it plays the dual role of enhancing long-term survival of CD8"
T cells but also driving T cell hyperresponsiveness through
exhaustion*"*2, This functionality is extremely similar to the KIR family
receptors, suggesting that both pathways may be linked. Most
importantly, TOX is a key regulator of the encephalitogenic programin
autoreactive CD8" T cells, as demonstrated in experimental models of
brain autoimmunity®. Furthermore, TOX'CD8" T cells have been
found in the brain parenchyma of patients with AIE, as well as in MS,
thus suggesting a strong role of this factor in neurological auto-
immune disorders®*. As a matter of fact, the neuron-reactive
KIR*CD8" T cells we identified in the blood of Ri-AlIE patients share
some markers with encephalitogenic autoreactive CD8" T cells in these
models. In particular, we find dysregulation of downstream genes
directly regulated by TOX. Moreover, we also demonstrate that
TOX'CD8' T cells are found in the lesions of a Ri-AlE patient (Ri02) for
whom we had autopsy brain tissue, thus confirming previous findings
pertaining to TOX association with AIE.

Taken together, our findings suggest that in AIE, autoreactive
KIR*CDS8" T cells most likely shift from their original purpose of con-
taining autoimmunity towards infiltration of the brain, thus con-
tributing to the pathogenesis of neurological autoimmune disorders.
Functional studies would be warranted to further explore how these
autoreactive KIR'CD8' T cells directly cause the damage seen in Ri-AIE
lesions. We demonstrate that neuron-reactive clonotypes down-
regulate inhibitory markers and display a specific gene signature of
highly activated cytotoxic CD8" T cells together with a signature
reminiscent of the TOX-induced encephalitogenic program. Of note,
we observed some degree of variability among Ri-AlIE patients with
alterations in the aforementioned pathways being more marked in
some patients than others, thus warranting further confirmation in a
larger cohort of patients. Indeed, while statistical analysis at the single
cell level revealed an interesting set of genes significantly dysregu-
lated, statistical analysis at the patient level in a pseudobulk/mixed-
model analysis (3 AgDs vs 5 Ri-AlE) did not identify a significant dif-
ference, most likely because of limited sample size and uneven cell
numbers.

Here, we focused on the study of KIR*CD8" T cells due to the initial
identification of a neuron-reactive clonotype belonging to this cell
population in RiO1. However, we cannot exclude that other CD8" T cell
populations may also play a role in Ri-AlE, for instance cluster 6 was
significantly enriched in Ri-AIE patients (Supplementary Fig. 3c).
Finally, our coculture method based on using hiPSC-derived as APCs
has the potential to advance the understanding of pathogenic CD8*
T cells in neurological autoimmune diseases, paving the way for sig-
nificant insights into this intricate field, and suggests that hiPSC-
derived somatic cells could be used as antigen-presenting cells to
study a large variety of other autoimmune diseases.

Methods

Study population

Blood samples from six healthy donors (HDs), three AgDs and seven
patients with anti-Ri-AIE were used in this study (Supplementary
Table 4). Blood samples were collected across three centers [Labora-
tory of Neuroimmunology (Lausanne University Hospital and Uni-
versity of Lausanne); Department of Neurology with Institute of
Translational Neurology (University of Miinster, Germany); and the
French Reference Center on Paraneoplastic Neurological Syndrome
(Université Claude-Bernard, Lyon, France)]. For brain tissue, one Ri-AlIE
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patient (Ri02, age 70) and 5 age-matched controls (Department of
Pathology and Immunology, University of Geneva) (F/M ratio: 2/3,
median age 70) were included. All donors gave their written informed
consent according to regulations established by the responsible ethics
committees (Lausanne, Project COOLIN'BRAIN, CER-VD 2018-01622;
Geneva, Project n°® 2017-01737; Ethics committee of the University of
Miinster registration nos. 2013-682-b-S and 2016-053-f-S; Institutional
review board of the Hospices Civils de Lyon). PBMCs from each donor
were obtained by standard Ficoll-Paque (Sigma-Aldrich) gradient
centrifugation, and cells were liquid nitrogen-frozen in fetal bovine
serum (FBS, Biowest) and DMSO (1:10, Sigma-Aldrich)**. PBMCs from
all AIE patients were taken during diagnostic workup when symptoms
were present and patients were untreated, with an additional time-
point at remission also taken for RiOl. For HLA typing, genomic DNA
was extracted from PBMCs, and HLA genes were amplified by poly-
merase chain reaction (PCR). Nextera adapters were added by tag-
mentation, and the resulting libraries were sequenced on the MiniSeq
instrument (Illumina). Sequencing data were then analyzed with the
Assign TruSight HLA v.2.1 software provided by CareDx*.

Generation and characterization of human-induced pluripotent
stem cell (hiPSC)-derived neurons and precursors

Human iPSCs were generated as part of the Lausanne biobank
(BB_007_BBH-NI). For all six HDs and one Ri-AIE patient (RiO1), hiPSCs
were reprogrammed from CD71" cells isolated from PBMCs and passed
all standard quality controls required (microbiology, pluripotency,
differentiation capacity, genomic integrity, episome clearance)***’.
Human iPSCs were differentiated into neural precursor cells
(NPCs)***8, and mature neurons were then obtained through trans-
duction of NPCs with an NGN2 lentiviral vector as described by Ho
et al.”?> and used in previous publications**°. Human iPSC-derived
neurons were characterized by immunohistochemistry as follows.
First, they were plated and differentiated in polyornithine (1:5, Sigma-
Aldrich)/laminine (1:500, Sigma-Aldrich)-coated tissue culture-treated
24-well plates and treated with IFNy (1 ng/ml, Miltenyi Biotec) and
TNFa (1 ng/ml, R&D Systems) for 48 h to induce HLA class I enhance-
ment (see Human-iPSC-derived neuron preparation section and Sup-
plementary Table 7). Neurons were washed once with 500 pL of cold
PBS and fixed with PBS + paraformaldehyde (PFA) (4:100, Electron
Microscopy Sciences) for 10 min at 4 °C. Wells were then washed with
blocking buffer (PBS + Normal goat serum (5:100, Jackson ImmunoR-
esearch) + 0.1% Triton X-100 (Sigma-Aldrich)). Primary antibodies
including rabbit IgG anti-NF200 (1:200, Sigma Aldrich, polyclonal),
chicken IgY anti-MAP2 (1:200, Abcam, polyclonal) and mouse IgG2a
anti-HLA-A, -B, -C (1:500, Affinitylmmuno, clone W6/32) were incu-
bated in 250ul blocking buffer with neurons overnight at 4 °C. After
extensive washing steps, secondary antibodies including anti-rabbit
IgG (H+L) AF546 (Invitrogen), anti-chicken IgY (H+L) AF546 (Invi-
trogen) and anti-mouse IgG (H + L) AF488 (Invitrogen) were added for
30 min at room temperature. Counterstaining with DAPI (1:500, Sigma-
Aldrich) was also performed at this stage (Supplementary Table 8).
Then, after additional washing steps, images were acquired using a
Leica DMi8 microscope and post-processed with Leica LAS X
software V5.2.

Human iPSC-derived neuron preparation (HLA enhancement
and peptide pulsation)

Neurons were plated in polyornithine (1:5, Sigma-Aldrich)/laminine
(1:500, Sigma-Aldrich)-coated tissue culture-treated 48-well plates
(Corning) at a density of 100,000 cells/cm® To induce HLA class I
upregulation, the cell medium was replaced with fresh medium sup-
plemented with IFNy (1 ng/ml, Miltenyi Biotec) and TNFa (1 ng/ml, R&D
Systems) for 48 hours. Some experiments required the pulsation of
CNS cells with reconstituted viral peptide pools. To this end, CNS cells
were pulsed with CD8" T cell-restricted peptide pools from either EBV,

CMV or VZV (1 pg/ml for each peptide pool, JPT Peptide Technologies)
four hours prior to culture with CD8" T cells. EBV and CMV CD8" T cell-
restricted peptide pools were reconstituted from respectively 29 and
45 individual immunogenic peptides (JPT Peptide Technologies)
(Supplementary Tables 1 and 2). VZV peptide pools were acquired
from a commercially available mix of 63 individual peptides (PepMix
VZV, IE63, JPT Peptide Technologies). Importantly, prior to overnight
incubation with CD8" T cells, hiPSC-derived neurons were carefully
washed four times with cell medium to remove any residual cytokines
(i.e., IFNy or TNFa) or viral peptides.

Neuron-ex vivo CD8" T cell overnight culture

Ex vivo PBMC were thawed and rested overnight in a serum-free T cell
expansion medium (SFM, Thermo Fisher Scientific). After resting, CD8"
T cells were isolated by magnetic-associated cell sorting (MACS) (see
MACS section below), counted and cultured with IFNy/TNFa-treated
neurons (+peptide pulsation) (see hiPSC-derived neuron preparation
section and Supplementary Table 7) at a ratio of 1:1 (i.e., 100°'000 CD8"
T cells for 100’000 neurons per well). Neurons and autologous CD8*
T cells were cultured together overnight, and an IFNy secretion assay
was performed. Regarding IFNy ELISpot, steps were performed as per
manufacturer instructions*,

Neuron-PBMC coculture

For all 6 HDs and RiO1, autologous PBMCs were thawed and rested
overnight in SFM. Rested PBMCs were counted, resuspended at 4
million cells/ml and then cultured with IFNy/TNFa-treated neurons
(see hiPSC-derived neuron preparation section and Supplementary
Table 7) at a density of 1.2 million cells/cm? with IL-2 (1000 Ul/ml,
Miltenyi Biotec) and a CD28 agonist antibody (Sug/ml, BD Bios-
ciences, clone CD28.2) for a total of 14 days. In total, 300 ul of fresh
SFM and IL-2 (1000UIl/ml) were added at day 2 and then renewed at
day 5. At day 7, PBMCs from the coculture were harvested, counted
and resuspended at 4 million cells/ml and then re-cultured with fresh
IFNy/TNFa-treated neurons. In total, 300 ul of fresh SFM and IL-2
(1000 Ul/ml) were added at day 10 and then renewed at day 12. Bulk
TCR-a and -B chain repertoire sequencing was performed directly
ex vivo as well as at days 7 and 14 of coculture (see Bulk TCR-a and
TCR-B chain repertoire sequencing and analysis section and Supple-
mentary Table 7). In some cases, an IFNy secretion assay was per-
formed at day 14 of coculture and subsequent fluorescence-
associated cell sorting (FACS) was performed to isolate
CD3'CDS8'IFNy" fractions (see Flow cytometry section). Of note, due to
the restricted number of PBMCs, neuron-PBMC cocultures were not
performed for any of the AgDs nor for the remaining six Ri-AlE
patients (Ri02-Ri07). Instead, in-depth scRNA seq was prioritized over
hiPSC reprogramming and subsequent coculture experiments.
Indeed, for these patients, PBMC yield was insufficient to: (1) generate
hiPSC-derived neurons, (2) perform the autologous cocultures.

Magnetic-associated cell sorting (MACS)

Isolation of untouched CD8' T cells from total PBMCs was performed
using a two-step human CD8" T cell isolation kit (Miltenyi Biotec). All
steps were performed following the manufacturer's instructions. After
MACS, additional purity checks were performed by flow cytometry
(see Flow cytometry section and Supplementary Tables 7 and 8).

IFNy secretion assay

This assay was performed in two separate experiments: (1) Overnight
culture of ex vivo CD8" T cells with IFNy/TNFa-treated neurons
(xpeptide pulsation); (2) overnight culture of CD8' T cells isolated after
14 days of neuron-PBMC coculture with IFNy/TNFo-treated neurons.
Experimental conditions included IFNy/TNFa-treated neurons or the
addition of a blocking anti-HLA-A, -B, or -C antibody (W6/32, Affinity
Immuno).

Nature Communications | (2025)16:8568


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63573-1

IFNy production of CD8" T cells was measured by adapting a
commercially available IFNy secretion assay kit (Miltenyi Biotec).
Briefly, MACS-sorted CD8" T cells were stained with an IFNy Catch
Reagent prior to overnight culture with neurons. Additionally, an IFNy
Detection Antibody (1:100) was added to the neuron-CD8" T cell cul-
ture prior to overnight incubation. If not otherwise specified, all other
steps and reagent concentrations were applied following the manu-
facturer's instructions.

Flow cytometry

For HLA class | assessment, neurons were detached using TrypLE
(Gibco) and washed with phosphate buffer saline (PBS) and FBS
(2:100). Cells were then stained with a pan HLA-A, -B, -C antibody
(2:100, Santa Cruz Biotechnology, clone W6/32), washed again with
PBS+2% FBS and fixed in PBS+PFA (4:100, Electron Microscopy
Sciences).

CD8" T cell staining was performed the day after the overnight
IFNy secretion assay or for post-MACS purity checks. Cells in suspen-
sion were harvested and washed with PBS and 2% FBS. Anti-CD8a
(2:100, BD Biosciences, clone RPA-T8) and anti-CD3 (2:100, BD Bios-
ciences, clone SK7) antibodies were then added, cells were washed
again with PBS +2% FBS and fixed in PBS + 4% PFA. Viability of all cells
was assessed using an aqua fluorescent reactive amine dye (4:1000,
Life Technologies) (Supplementary Table 8). Surface marker expres-
sion was assessed using an LSR Il flow cytometer (BD Biosciences) and
BD FACSDiva Software V. Analysis was carried on FlowJo software V11.

When single-cell TCR sequencing was necessary (see “Single-cell
TCR-a and TCR-B chain sequencing” section), after an overnight IFN-y
secretion assay, CD8+ T cells were sorted by fluorescence-associated
cell sorting (FACS) into IFNy+CD3+CD8+ T populations at 1 cell/well.
For this, CD8" T cells were stained and processed as described above,
and sorting was performed using a FACSAria Ill cytometer (BD Bios-
ciences). No PBS-PFA fixation steps were performed in this case.

Bulk TCR-a and TCR-B chain repertoire sequencing and analysis
MACS-isolated CD8" T cells were suspended in 300 pl Lysis/Binding
Buffer (Thermo Fisher Scientific), and bulk TCR sequencing analyses
were performed®. mRNA was isolated by magnetic beads and amplified
by in vitro transcription using the Superscript Il enzyme with primers
specific for TCR gene families. A 5’ adapter was added by multiplex
reverse transcription, and TCRs were amplified using one primer in the
adapter and one in the constant region. Libraries were sequenced on an
lllumina instrument, and TCR sequences were processed using an ad
hoc Perl script. The Shannon Entropy was calculated as follows

— Y F*log2(Fy) M
i=1

Where n is the total number of clonotypes and F the clonotype fre-
quency. Clonality, refers to 1-Pielou index, was calculated as follows

—YF  F*loglO(F;)
1- ( 1log10(n) > @

Where n is the total number of clonotypes and F the clonotype
frequency.

A clonotype was considered expanded if its TCR-B chain fre-
quency presented with a >9 fold-increase between day 14 of coculture
and ex vivo. When TCR-3 chains were undetectable ex vivo, the fold-
increase was calculated by assigning a maximal theoretical frequency
to the ex vivo TCR-B chain values (i.e., 1/n° of ex vivo CD8" T cells used
for bulk TCR-B chain sequencing).

Single-cell TCR-a and TCR-B chain sequencing (scTCRseq)

For the pairing of the corresponding TCR-a chain, scTCRseq on CD8*
T cells at day 14 was performed. For this, IFNy'CD3*CD8" T cells were
sorted by FACS at 1 cell/well into 96-well PCR plates containing 15 L of
DNase/RNase-free distilled water (Invitrogen) with 0.2% Triton X-100
(Sigma-Aldrich) and an RNase inhibitor (2 U/uL) (Enzymatics). TCR-a
and-B chains were amplified using OneStep RT-PCR kit (Qiagen)
according to the manufacturer’s recommendations, with the following
modification: a collection covering all V segments and two primers
designed in alpha and beta constant regions were used for the
amplification. Then, amplicons were purified using AmpureXP beads
(Beckman Coulter) according to the manufacturer’s instructions. A
second amplification was performed with the Phusion Hot Start DNA
Polymerase (NEB). A forward primer, designed in the adapter sequence
(added during the RT-PCR) and two reverse nested primers, designed
in the constant regions, were used for the amplification. The PCR mix
was composed of 1L of purified product, 0.4 uL of 10 mM dNTP mix
(Promega), 0.4 uL of primers mix alpha, 0.4 uL of primers mix beta,
2 uL of buffer and 0.2 uL of polymerase and 5.6 primers mix H,O. TCR-a
and-f chains were amplified with the following PCR cycles: 98 °C for 4,
25% (98 °C for 10”, 55°C for 30”, 72 °C for 30”), 72 °C for 2’. The PCR
product was purified by adding 1uL of ExoSAP-IT (Affymetrix) and
incubating at 37 °C for 15’ and then at 85 °C for 15’. The third PCR was
performed with the Phusion hot Start (NEB) to add the Illumina
adapter and index. A mix containing 1pL of 10 mM dNTP (Promega),
SuL of 0.25uM NexteraXT primer index, 3uL of buffer, 0.2uL of
enzyme and 5.8 pL of deionized water was prepared and added directly
to the purified PCR product. The second amplification was performed
as follows: 98 °C for 4/, 15x (98 °C for 10", 55 °C for 30” 72 °C for 30”),
72 °C for 2’. After purification on AmpureXP beads (Beckman Coulter),
libraries were sequenced on lllumina instruments and sequences
extracted using an ad hoc Perl script. Both chains were amplified, then
transfected into reporter cell lines as described below (see TCR-a and
-B chain amplification, cloning and validation section and Supple-
mentary Table 7).

TCR-a and -B chain amplification, cloning and validation

For all the HDs tested and RiOl, single TCR-a. and -B chains were
amplified from residual bulk RNA material®’. Briefly, two primers were
designed in the CDR3 of each TCR to specifically amplify the V and the ]
regions. The two amplicons were combined by fusion PCR, and the
constant region was added by a second fusion PCR.

For TCR chains from the three AgDs and Ri02-Ri07 AIE patients,
fully human codon-optimized DNA sequences were synthesized at
GeneArt (Thermo Fisher Scientific) and served as templates for in vitro
transcription (IVT) and polyadenylation of RNA molecules as per the
manufacturer’s instructions (HIScribe T7 ARCA mRNA kit (with tailing),
NEB), followed by co-transfection into recipient T cells.

To validate antigen reactivity, TCR-a/f3 pairs were cloned into a
recipient Jurkat cell line (TCR/CD3 Jurkat-luc cells (NFAT), Promega, in-
house stably transduced with human CD8* and TCR*? CRISPR-KO)*.
mRNA encoding for the TCR chains was generated using the HiScribe
T7 ARCA mRNA Kit as per the manufacturer’s instructions. Jurkat cells
were electroporated using the Neon electroporation system (Thermo
Fisher Scientific) with the following parameters: 1,325V, 10 ms, 3 pul-
ses. Electroporated Jurkat cells were cultured with IFNy/TNFa-treated
hiPSC-derived neurons at a ratio of 1:1 (i.e., 100,000 Jurkat for 100,000
neurons) in a 48-well plate in 200 pL SFM. All conditions were run in
duplicates. After overnight incubation, 50,000 Jurkat cells were
transferred into opaque tissue culture-treated 96-well plates (Corning)
and the assay was performed using the Bio-Glo Luciferase Assay Sys-
tem (Promega). Additional controls include mock-(transfection with
nuclease-free water) transfected Jurkat cells and culture with IFNy/
TNFa-treated neurons or in the presence of a blocking anti-HLA-ABC
antibody (W6/32, Affinityimmuno). Luminescence was measured with
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a Multimode Microplate Reader (BioTek Synergy, Gen 5 software). As a
positive control for TCR activation, Jurkat cells were cultured in the
presence of TransAct (i.e., an anti-CD3/CD28 activating compound.,
Miltenyi).

The testing of TCR-transfected NFAT Jurkat cells was performed
against neurons from the donor in which the TCR was identified (HD4
and RiO1) or against HLA-matched donors when we did not have hiPSC-
derived neurons available (Ri02-Ri07). In these cases, the TCR-
transfected NFAT Jurkat cells were tested against hiPSC-derived neu-
rons from other donors available in our biobank with matched HLA
alleles (Supplementary Table 6).

Single-cell RNA and VDJ sequencing

Single-cell RNA and VDJ sequencing were performed on ex vivo CD8*
T cells from all three AgDs and all seven Ri-AIE donors. Of note, for
Ri01, two samples were sequenced, one at disease peak and one during
remission 5 months later (under treatment with mycophenolate
mofetil) resulting in a total of eleven assessed samples. CD8" T cells
positively sorted by MACS were assessed for viability by AO/PI staining
and counted with a Luna-FX7 Automated cell counter (Logos
Biosystems).

A Chromium Next GEM Chip N (10x genomics) was loaded with
the appropriate number of cells, and the sequencing libraries were
prepared with the Chromium Next GEM Single Cell 5 HT Reagent Kits
v2 dual index following the manufacturer’s recommendations. Briefly,
an emulsion encapsulating single cells, reverse transcription reagents,
and cell barcoding oligonucleotides was generated. After the actual
reverse transcription step, the emulsion was broken, and double-
stranded cDNA was generated and amplified in a bulk reaction. This
cDNA was fragmented, a P7 sequencing adaptor ligated, and a 5’ gene
expression library was generated by PCR amplification. For V(D))
sequencing, a similar approach was followed except that 2 steps of
PCR-based V(D)] target enrichment were performed prior to
fragmentation.

Libraries were quantified by a fluorimetric method, and their
quality was assessed on a Fragment Analyzer (Agilent Technologies).
Sequencing was performed on Illumina NovaSeq 6000 v1.5 flow cells
for 28-10-10-90 cycles (readl - index i7 - index i5 - read2) with 1% PhiX
spike in. Sequencing data were demultiplexed using the bcl2fastq2
Conversion Software (v. 2.20, lllumina) and primary data analysis
performed with the Cell Ranger Gene Expression pipeline (version
7.1.0, 10x Genomics). Mapping of VDJ sequences to the gene expres-
sion library resulted in an average total of 97.69% mapped TCR-B
chains (AgD1: 97.9%, AgD2: 97.7%, AgD3: 94.7%, Ri01_dis: 98%, Ri01_Sm:
97.9%, Ri02: 97.3%, Ri03: 98.6%, Ri04: 98.3%, Ri05: 97.8%, Ri06: 99.6%,
Ri07: 96.8%) and 63.27% TCR-a. chains (AgD1: 83.9%, AgD2: 73.4%,
AgD3: 67.5%, Ri01_dis: 69.2%, Ri01_5m: 60.7%, Ri02: 56.2%, Ri03: 85.8%,
Ri04: 88.3%, Ri05: 49.3%, Ri06: 42.3%, Ri07: 19.4%).

CDS8" T cell clustering analysis and cell subtype annotation

Ambient RNA contamination was removed from the CellRanger counts
using Cellbender v0.3.0°%, with the number of cells detected per
sample from the initial CellRanger analysis used as the “expected-cells”
parameter and 25,000 as the “total droplets included” parameter. TCR-
sequences were collated with cell barcodes using scRepertoire v2.3.2,
quantifying all productive TCR chains. Filtered counts generated by
Cellbender were further filtered to select cells with a single TCR-p
chain sequence in the VD) reads, a maximum of 10% mitochondrial
reads and at least 100 genes expressed; and genes expressed in at least
10 cells; 109,478 cells (4824-13,569 per donor) remained after quality
filtering. These cells were integrated and clustered using Seurat’s
atomic sketch integration®* with 5000 cells used for sketching, 20
neighbours considered when selecting anchors, reciprocal PCA as the
integration method, and default values for all other parameters.

UMAPs were run using the sketch integrated data with the first 30 PCA
components and projected onto the remaining cells.

Histology

For immunofluorescence staining, after antigen retrieval (Sodium
Citrate pH6, 30 min) and blocking of unspecific binding (PBS and FBS
(1:10)), PFA-fixed sections were incubated with primary antibodies
(mouse IgGl anti-CD8a (1:50, Abcam, clone C8/144B), rat anti-TOX
(Thermo Fisher Scientific, clone TXRX10), mouse IgG2a anti-GZMB
(1:20, Monosan, clone GrB-7). To amplify the signals of TOX, bound
antibodies were visualized with appropriate species-specific Cy5-con-
jugated secondary antibodies for anti-rat tyramide signal amplification
(TSA). Nuclei were stained with DAPI (Sigma-Aldrich) (Supplementary
Table 8). Immunostained sections were scanned using Pannoramic 250
FLASH Il (3DHISTECH) Digital Slide Scanner with objective magnifica-
tion of 20x. Positive signals were quantified by a blinded experimenter
using Pannoramic Viewer software (3DHISTECH) and an image analysis
ruleset based on Visiopharm. For representative images, white balance
was adjusted, and contrast was linearly enhanced using the tools levels,
curves, brightness, and contrast in Adobe Photoshop CC. Image pro-
cessing was applied uniformly across all images within a given dataset.

Graphical representation

Schematic representations were created with BioRender.com. Gra-
phical representations of HLA class | assessments, IFNy secretion
assays, single-cell and bulk TCR sequencing, TCR validation experi-
ments and KEGG analysis were developed using GraphPad Prism
9 software (Version 9.1.0). For RNA-seq visualization (heatmaps,
UMAPs, dotplots, PCAs, volcano plots and barplots) and custom clo-
notype quantification, we used R version 4.4.0 (https://www.R-project.
org/) and the following R packages (DOI: 10.32614/CRAN.pack-
age.argparse), circlize v. 0.4.16>, ComplexHeatmap v. 2.20.0°*%,
ggrepel v. 0.9.6 (10.32614/CRAN.package.ggrepel), hdf5r v. 1.3.12 (DOL:
10.32614/CRAN.package.hdf5r), janitor v. 2.2.1 (DOI: 10.32614/CRAN.-
package.janitor), Matrix v. 1.7.3 (DOI: 10.32614/CRAN.package.Matrix),
patchwork v. 1.3.0 (DOI: 10.32614/CRAN.package.patchwork), rhdf5 v.
2.48.0 (DOI: 10.18129/B9.bioc.rhdf5), scales v. 1.3.0 (DOI: 10.32614/
CRAN.package.scales), scRepertoire v. 2.0.7°%, Seurat v. 5.2.1%°°¢,
SeuratDisk v. 0.0.0.9021 (https://github.com/mojaveazure/seurat-
disk), tidyverse v. 2.0.0 (DOI: 10.21105/joss.01686) and GraphPad
Prism® 9 software (Version 9.1.0). Pseudobulked data was used for
heatmap visualizations.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 software
(Version 9.1.0) and R version 4.4.0 (https://www.R-project.org/). Paired
non-parametric Wilcoxon tests were performed to compare HLA class |
expression (untreated vs IFNy + TNFa) and ex vivo and day 14 TCR-
chain metrics (clonality and Shannon entropy). Unpaired
Mann-Whitney tests were performed to compare ex vivo TCR-3 chain
metrics and frequencies between AgDs, as well as luminescence values
between these two groups. P values < 0.05 were considered significant.
A Pearson correlation test was performed to compare the number of
SFU from the IFNy ELISpot and the percentage of IFNy'CD8" T cells
from IFNy secretion assay. For scRNAseq, differential expression ana-
lyses were performed at the cell level using Seurat’s FindMarkers
method using the default Wilcoxon rank-sum test after removal of
genes encoding the TCR-a and-f3 chains. For sample-level analyses, we
used Seurat’s Aggregate Expression to calculate pseudobulk counts
and DESeq2 (doi:10.1186/s13059-014-0550-8) for testing for differ-
ential expression. In both cases, tests were run via Seurat’s FindMar-
kers function, with an average log-fold change cutoff of 0.5 and a
Benjamini-Hochberg false discovery rate of 0.05 used as significance
cutoffs in cell-level analyses (Supplementary Data 2 and 3). For dot
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plots, we used DESeq2’s fpm function directly to calculate fragments
per million for pseudobulk counts, to normalize for differences in
fragment counts between samples.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA/VDJseq data generated in this study have been deposited in
the Gene Expression Omnibus (GEO) database under accession code
GSE263666. Additional data can be made available upon request to the
corresponding author. All the rest of the data are included in the
Supplementary Information or available from the authors, as are the
unique reagents used in this Article. The raw numbers for charts and
graphs are available in the Source Data file whenever possible. Source
data are provided with this paper.

Code availability
Code for the Seurat analyses is available at https://github.com/bdsc-
tds/Perriot Jones 2025 (10.5281/zenodo0.16812576).

References

1. Lancaster, E. The diagnosis and treatment of autoimmune ence-
phalitis. J. Clin. Neurol. 12, 1-13 (2016).

2. Bien, C. G. et al. Immunopathology of autoantibody-associated
encephalitides: clues for pathogenesis. Brain 135, 1622-1638
(2012).

3. Melzer, N., Meuth, S. G. & Wiendl, H. CD8+ T cells and neuronal
damage: direct and collateral mechanisms of cytotoxicity and
impaired electrical excitability. FASEB J. 23, 3659-3673 (2009).

4. Bernal, F. et al. Immunohistochemical analysis of anti-Hu-
associated paraneoplastic encephalomyelitis. Acta Neuropathol.
103, 509-515 (2002).

5. Schwab, N. et al. CD8+ T-cell clones dominate brain infiltrates in
Rasmussen encephalitis and persist in the periphery. Brain 132,
1236-1246 (2009).

6. Albert, M. L. et al. Tumor-specific killer cells in paraneoplastic cer-
ebellar degeneration. Nat. Med. 4, 1321-1324 (1998).

7. Plonquet, A. et al. Oligoclonal T-cells in blood and target tissues of
patients with anti-Hu syndrome. J. Neuroimmunol. 122,

100-105 (2002).

8. Voltz, R, Dalmau, J., Posner, J. B. & Rosenfeld, M. R. T-cell receptor
analysis in anti-Hu associated paraneoplastic encephalomyelitis.
Neurology 51, 1146-1150 (1998).

9. Schneider-Hohendorf, T. et al. CD8(+) T-cell pathogenicity in Ras-
mussen encephalitis elucidated by large-scale T-cell receptor
sequencing. Nat. Commun. 7, 11153 (2016).

10. Gross, C. C. et al. CD8(+) T cell-mediated endotheliopathy is a tar-
getable mechanism of neuro-inflammation in Susac syndrome. Nat.
Commun. 10, 5779 (2019).

11.  Rousseau, A. et al. T cell response to Hu-D peptides in patients with
anti-Hu syndrome. J. Neurooncol. 71, 231-236 (2005).

12. Plonquet, A. et al. Peptides derived from the onconeural HuD pro-
tein can elicit cytotoxic responses in HHD mouse and human. J.
Neuroimmunol. 142, 93-100 (2003).

13. Roberts, W. K. et al. Patients with lung cancer and paraneoplastic
Hu syndrome harbor HuD-specific type 2 CD8+ T cells. J. Clin.
Invest. 119, 2042-2051 (2009).

14. de Beukelaar, J. W. et al. No evidence for circulating HuD-specific
CD8+ T cells in patients with paraneoplastic neurological syn-
dromes and Hu antibodies. Cancer Immunol. Immunother. 56,
1501-1506 (2007).

15. de Jongste, A. H. et al. Three sensitive assays do not provide evi-
dence for circulating HuD-specific T cells in the blood of patients

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

with paraneoplastic neurological syndromes with anti-Hu anti-
bodies. Neuro Oncol. 14, 841-848 (2012).

Carpenter, E. L. et al. Functional analysis of CD8+ T cell respon-
ses to the onconeural self protein cdr2 in patients with para-
neoplastic cerebellar degeneration. J. Neuroimmunol. 193,
173-182 (2008).

Prinz, J. C. Immunogenic self-peptides - the great unknowns in
autoimmunity: Identifying T-cell epitopes driving the autoimmune
response in autoimmune diseases. Front Immunol. 13,

1097871 (2022).

Moodie, Z. et al. Response definition criteria for ELISPOT assays
revisited. Cancer Immunol. Immunother. 59, 1489-1501 (2010).
Petersen, J., Purcell, A. W. & Rossjohn, J. Post-translationally mod-
ified T cell epitopes: immune recognition and immunotherapy. J.
Mol. Med (Berl.) 87, 1045-1051 (2009).

Sidney, J. et al. Low HLA binding of diabetes-associated CD8+ T-cell
epitopes is increased by post translational modifications. BMC
Immunol. 19, 12 (2018).

Dolmetsch, R. & Geschwind, D. H. The human brain in a dish: the
promise of iPSC-derived neurons. Cell 145, 831-834 (2011).

Ho, S. M. et al. Rapid Ngn2-induction of excitatory neurons from
hiPSC-derived neural progenitor cells. Methods 101, 113-124
(2016).

Pedersen, N. W. et al. CD8(+) T cells from patients with narcolepsy
and healthy controls recognize hypocretin neuron-specific anti-
gens. Nat. Commun. 10, 837 (2019).

Martin, M. D. & Badovinac, V. P. Defining Memory CD8 T Cell. Front
Immunol. 9, 2692 (2018).

Li, J. et al. KIR(+)CD8(+) T cells suppress pathogenic T cells and are
active in autoimmune diseases and COVID-19. Science 376,
eabi9591 (2022).

Beziat, V., Hilton, H. G., Norman, P. J. & Traherne, J. A. Deciphering
the killer-cell immunoglobulin-like receptor system at super-
resolution for natural killer and T-cell biology. Immunology 150,
248-264 (2017).

Lu, B. Y. et al. Circulating tumor-reactive KIR(+)CD8(+) T cells sup-
press anti-tumor immunity in patients with melanoma. Nat. Immu-
nol. 26, 82-91 (2025).

Page, N. et al. Expression of the DNA-binding factor TOX promotes
the encephalitogenic potential of microbe-induced autoreactive
CD8(+) T cells. Immunity 48, 937-50.e8 (2018).

Hanada, K., Yewdell, J. W. & Yang, J. C. Immune recognition of a
human renal cancer antigen through post-translational protein
splicing. Nature 427, 252-256 (2004).

Moon, J. S. et al. Cytotoxic CD8(+) T cells target citrullinated anti-
gens in rheumatoid arthritis. Nat. Commun. 14, 319 (2023).
Standifer, N. E. et al. Identification of Novel HLA-A*0201-restricted
epitopes in recent-onset type 1 diabetic subjects and antibody-
positive relatives. Diabetes 55, 3061-3067 (2006).

Sabatino, J. J. Jr. et al. Anti-CD20 therapy depletes activated myelin-
specific CD8(+) T cells in multiple sclerosis. Proc. Natl Acad. Sci.
USA 116, 25800-25807 (2019).

Liao, Y. H. et al. Increased expression of the natural killer cell inhi-
bitory receptor CD94/NKG2A and CD158b on circulating and
lesional T cells in patients with chronic plague psoriasis. Br. J.
Dermatol. 155, 318-324 (2006).

Pieren, D. K. J. et al. Regulatory KIR(+) RA(+) T cells accumulate with
age and are highly activated during viral respiratory disease. Aging
Cell. 20, 13372 (2021).

Zhang, Y. et al. KIR-HLA interactions extend human CD8+ T cell
lifespan in vivo. J. Clin. Invest. 133, €169496 (2023).

Campbell, K. S. & Purdy, A. K. Structure/function of human killer cell
immunoglobulin-like receptors: lessons from polymorphisms,
evolution, crystal structures and mutations. Immunology 132,
315-325 (2011).

Nature Communications | (2025)16:8568

14


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263666
https://github.com/bdsc-tds/Perriot_Jones_2025
https://github.com/bdsc-tds/Perriot_Jones_2025
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63573-1

37. Huard, B. &Karlsson, L. A. subpopulation of CD8+ T cells specific for
melanocyte differentiation antigens expresses killer inhibitory
receptors (KIR) in healthy donors: evidence for a role of KIR in the
control of peripheral tolerance. Eur. J. Immunol. 30,

1665-1675 (2000).

38. Sumida, T. S., Cheru, N. T. & Hafler, D. A. The regulation and dif-
ferentiation of regulatory T cells and their dysfunction in auto-
immune diseases. Nat. Rev. Immunol. 24, 503-517 (2024).

39. Vogrig, A. et al. Different genetic signatures of small-cell lung
cancer characterize anti-GABA(B) R and anti-Hu paraneoplastic
neurological syndromes. Ann. Neurol. 94, 1102-1115 (2023).

40. Jelcic, I. et al. Memory B cells activate brain-homing, autoreactive
CD4(+) T cells in multiple sclerosis. Cell 175, 85-100.e23 (2018).

41, Alfei, F. et al. TOX reinforces the phenotype and longevity of
exhausted T cells in chronic viral infection. Nature 571,

265-269 (2019).

42. Khan, O. et al. TOX transcriptionally and epigenetically programs
CD8(+) T cell exhaustion. Nature 571, 211-218 (2019).

43. Frieser, D. et al. Tissue-resident CD8(+) T cells drive compartmen-
talized and chronic autoimmune damage against CNS neurons. Sci.
Transl. Med. 14, eabl6157 (2022).

44, Mathias, A. et al. Ocrelizumab Impairs the phenotype and function
of memory CD8(+) T cells: a 1-year longitudinal study in patients
with multiple sclerosis. Neurol. Neuroimmunol. Neuroinflamm.

10 (2023).

45. Arnaud, M. et al. Sensitive identification of neoantigens and cog-
nate TCRs in human solid tumors. Nat. Biotechnol. 40,

656-660 (2022).

46. Perriot, S. et al. Human induced pluripotent stem cell-derived
astrocytes are differentially activated by multiple sclerosis-
associated cytokines. Stem Cell Rep. 11, 1199-1210 (2018).

47. Perriot, S., Canales, M., Mathias, A. & Du Pasquier, R. Generation of
transgene-free human induced pluripotent stem cells from ery-
throblasts in feeder-free conditions. STAR Protoc. 3, 101620
(2022).

48. Perriot, S., Canales, M., Mathias, A. & Du Pasquier, R. Differentiation
of functional astrocytes from human-induced pluripotent stem
cells in chemically defined media. STAR Protoc. 2, 100902 (2021).

49. Callegari, I. et al. Cell-binding IgM in CSF is distinctive of multiple
sclerosis and targets the iron transporter SCARAS. Brain 147,
839-848 (2024).

50. Bibert, S. et al. Herpes simplex encephalitis due to a mutation in an
E3 ubiquitin ligase. Nat. Commun. 15, 3969 (2024).

51. Genolet, R. et al. TCR sequencing and cloning methods for reper-
toire analysis and isolation of tumor-reactive TCRs. Cell Rep.
Methods 3, 100459 (2023).

52. Chiffelle, J. et al. Tumor-reactive T cell clonotype dynamics
underlying clinical response to TIL therapy in melanoma. Immunity
57, 2466-82.e12 (2024).

53. Fleming, S. J. et al. Unsupervised removal of systematic back-
ground noise from droplet-based single-cell experiments using
CellBender. Nat Methods 20, 1323-1335 (2023).

54. Hao, Y. et al. Dictionary learning for integrative, multimodal and
scalable single-cell analysis. Nat. Biotechnol. 42, 293-304
(2024).

55. Gu, Z., Gu, L., Eils, R., Schlesner, M. & Brors, B. circlize Implements
and enhances circular visualization in R. Bioinformatics 30,
2811-2812 (2014).

56. Gu, Z., Eils, R. & Schlesner, M. Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinformatics
32, 2847-2849 (2016).

57. Gu, Z. Complex heatmap visualization. Imeta 1, €43 (2022).

58. Borcherding, N. & Bormann, N. L. Kraus G. scRepertoire: An R-based
toolkit for single-cell immune receptor analysis. FIOOORes. 9,

47 (2020).

59. Satija, R., Farrell, J. A., Gennert, D., Schier, A. F. & Regev, A. Spatial
reconstruction of single-cell gene expression data. Nat. Biotechnol.
33, 495-502 (2015).

60. Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Inte-
grating single-cell transcriptomic data across different conditions,
technologies, and species. Nat. Biotechnol. 36, 411-420 (2018).

61. Stuart, T. et al. Comprehensive integration of single-cell data. Cell
177, 1888-902.€21 (2019).

62. Hao, Y. et al. Integrated analysis of multimodal single-cell data. Cell
184, 3573-87.e29 (2021).

Acknowledgements

The authors thank L. Arlettaz (ICH, Sion CH), G. Le Goff (CHUV, Lausanne
CH), E. Schuman (UKM, Munster DE), A-L. Pinto, E. Peter and G. Picard
(CHU, Lyon, FR) for their contributions in enrolling the patients and
providing blood samples and demographic/clinical information. S.J. is
supported by the Swiss National Science Foundation (323630_214544).
D.M. is supported by the Swiss National Science Foundation
(310030_215050 and 310030B_201271) and the ERC (865026). R.D.P. is
supported by a generous donor advised by Carigest SA, and a part of this
study was supported by the Swiss National Science Foundation
(320030-179531). J.H. and V.D. are supported by a public grant overseen
by the French Agence Nationale de la Recherche (ANR) as part of the
second Investissements d'Avenir program (ANR-18-RHUS-0012) to col-
lect anti-Ri PBMC and are members of the European Reference Net-
work RITA.

Author contributions

S.P. conceived the study and experiments, performed experiments,
analyzed data, discussed results, drafted the paper and figures, and
revised the manuscript. S.J. conceived experiments, performed experi-
ments, analyzed data, discussed results, drafted the paper and figures,
and revised the manuscript. R.Ge. helped conceive experiments, per-
formed experiments, analyzed data, discussed results, and revised the
manuscript. A.M. discussed results, revised the manuscript. H.L. ana-
lyzed data, drafted figures, and revised the manuscript. S.B. helped
conceive experiments, analyzed data, discussed results, and revised the
manuscript. G.D.L. performed experiments, analyzed data, discussed
results, and reviewed the manuscript. M.C. performed experiments. L.Q.
performed experiments, analyzed data. C.S. performed experiments,
analyzed data. .W. performed experiments, analyzed data. L.O. per-
formed experiments. M.G. performed experiments. D.B. performed
experiments. S.K. provided samples and feedback on the study, revised
the manuscript. V.D. provided samples and feedback on the study,
revised the manuscript. M.T. provided feedback on the study, revised
the manuscript. C.P. discussed results, provided feedback on the study,
and revised the manuscript. H.W. provided samples and feedback on the
study, revised the manuscript. J.H. provided samples and feedback on
the study, revised the manuscript. D.M. discussed results, provided
feedback on the study, revised the manuscript, and provided funding.
R.Go. discussed results and revised the manuscript. A.H. discussed
results, provided feedback on the study, revised the manuscript, and
provided funding. R.D.P. conceived the study, analyzed data, discussed
results, revised the manuscript, and provided funding. R.Ge. and A.M.
contributed equally to this work.

Competing interests

S.P., SJ, AM, HL., GD.L,MC,, LQ., CS., W, LO., MG, D.B, SK.,
V.D., M.T., C.P., HW., J.H., D.M., R.D.P. have nothing to disclose related
to this work. R.Ge. has patents in technologies related to TCR repertoire
analysis. S.B. and A.H. have patents in technologies related to T cell
expansion and engineering for T cell therapy, none related to this work.
R.Go. has received consulting income from Takeda, Sanofi, Arcellx (all
payments to the institution) and declares ownership in Ozette Tech-
nologies, none related to this work.

Nature Communications | (2025)16:8568

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63573-1

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-63573-1.

Correspondence and requests for materials should be addressed to
Renaud Du Pasquier.

Peer review information Nature Communications thanks Andreas Los-
sius and the other anonymous reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

TLaboratory of Neuroimmunology, Neuroscience Research Centre, Department of Clinical Neurosciences, Lausanne University Hospital and University of
Lausanne, Lausanne, Switzerland. 2Ludwig Institute for Cancer Research, Lausanne Branch, Department of Oncology, Lausanne University Hospital and
University of Lausanne, Agora Cancer Research Center, Lausanne, Switzerland. 3Center for Cell Therapy, Lausanne University Hospital and University of
Lausanne-Ludwig Institute for Cancer Research, Lausanne, Switzerland. “Biomedical Data Science Center, University of Lausanne and Lausanne University
Hospital, Swiss Institute of Bioinformatics, Lausanne, Switzerland. Department of Pathology and Immunology, Division of Clinical pathology, University and
University Hospitals of Geneva, Geneva, Switzerland. 8Service of Neurology, Department of Clinical Neurosciences, University Hospital of Lausanne and
Lausanne University Hospital, Lausanne, Switzerland. “Department of Neurology with Institute of Translational Neurology, University Hospital Miinster,
Miinster, Germany. 8French Reference Centre for Paraneoplastic Neurological Syndromes, Hospices Civils de Lyon; MeLis Institute, SynatAc Team, Inserm
U1314/ UMR CNRS5284, Lyon, France. °Department of Neurology and Neurophysiology, University Medical Center, Freiburg, Germany. "°These authors

contributed equally: Sylvain Perriot, Samuel Jones.

e-mail: renaud.du-pasquier@chuv.ch

Nature Communications | (2025)16:8568

16


https://doi.org/10.1038/s41467-025-63573-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:renaud.du-pasquier@chuv.ch
www.nature.com/naturecommunications

	Neuron-reactive KIR+CD8+ T cells display an encephalitogenic transcriptional program in autoimmune encephalitis
	Results
	Discussion
	Methods
	Study population
	Generation and characterization of human-induced pluripotent stem cell (hiPSC)-derived neurons and precursors
	Human iPSC-derived neuron preparation (HLA enhancement and peptide pulsation)
	Neuron-ex vivo CD8+ T cell overnight culture
	Neuron-PBMC coculture
	Magnetic-associated cell sorting (MACS)
	IFNγ secretion assay
	Flow cytometry
	Bulk TCR-α and TCR-β chain repertoire sequencing and analysis
	Single-cell TCR-α and TCR-β chain sequencing (scTCRseq)
	TCR-α and -β chain amplification, cloning and validation
	Single-cell RNA and VDJ sequencing
	CD8+ T cell clustering analysis and cell subtype annotation
	Histology
	Graphical representation
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


