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ARTICLE INFO ABSTRACT

Keywords: Narcolepsy is a rare cause of hypersomnolence and may be associated or not with cataplexy, i.e. sudden muscle
Narcolepsy weakness. These forms are designated narcolepsy-type 1 (NT1) and -type 2 (NT2), respectively. Notable char-
T cells

acteristics of narcolepsy are that most patients carry the HLA-DQBI *06:02 allele and NT1-patients have strongly
decreased levels of hypocretin-1 (synonym orexin-A) in the cerebrospinal fluid (CSF). The pathogenesis of
narcolepsy is still not completely understood but the strong HLA-bias and increased frequencies of CD4™ T cells
reactive to hypocretin in the peripheral blood suggest autoimmune processes in the hypothalamus. Here we
analyzed the transcriptomes of CSF-cells from twelve NT1 and two NT2 patients by single cell RNAseq
(scRNAseq). As controls, we used CSF cells from patients with multiple sclerosis, radiologically isolated syn-
drome, and idiopathic intracranial hypertension. From 27,255 CSF cells, we identified 20 clusters of different cell
types and found significant differences in three CD4" T cell and one monocyte clusters between narcolepsy and
multiple sclerosis patients. Over 1000 genes were differentially regulated between patients with NT1 and other
diseases. Surprisingly, the most strongly upregulated genes in narcolepsy patients as compared to controls were
coding for the genome-encoded MTRNR2L12 and MTRNR2L8 peptides, which are homologous to the
mitochondria-encoded HUMANIN peptide that is known playing a role in other neurological diseases including
Alzheimer’s disease.

Cerebrospinal fluid (CSF)
Single-cell RNA sequencing (scRNAseq)
Transcriptomics

1. Introduction type 2 (NT2). In contrast to NT2-patients, almost all patients with NT1
have cataplexy, dramatically decreased levels of hypocretinl (synonym

Narcolepsy is a rare chronic, central nervous system disorder of hy- orexin-A) in the cerebrospinal fluid (CSF), and carry the
persomnolence characterized by excessive daytime sleepiness, which HLA-DQB1*06:02 allele [2-4]. This strong HLA-bias and the increased
can be associated with cataplexy, disrupted nighttime sleep, hypnago- incidence of NT1 after vaccination against the 2009 H1N1 influenza
gic/hypnopompic hallucinations, and sleep paralysis [1-3]. There are virus strain [5] suggest that immunological mechanisms play a highly
two major types of narcolepsy: narcolepsy type 1 (NT1) and narcolepsy relevant role in the pathophysiology of NT1. Further, NT1 is associated
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with polymorphisms within the TCR alpha and beta loci [3,6], and
preferred usage of particular TCR alpha-chains by CD4" T cell clones
was observed in the blood [7]. However, overall, the TCR repertoire is
quite broad and no particular bias in the repertoire of TCR beta-chains
has been found in peripheral blood [7,8]. However, increased fre-
quencies of blood CD4" T cells that recognize hypocretin and its
post-translationally modified form were observed [8,9]. Given the very
strong evidence for an immune-mediated process in NT1 and emerging
data pointing to an autoimmune mechanism, assessing the level and
nature of the inflammatory process in the target tissue (the hypothala-
mus, containing all hypocretin neurons) or in proximity to the target
tissue becomes an important challenge.

To shed further light on the pathogenesis of narcolepsy we here
analyzed the transcriptome of single cells isolated from CSF of patients
with NT1 and NT2 with recent disease onset. As controls, we used CSF
cells from patients with multiple sclerosis (MS), radiologically isolated
syndrome (RIS), and idiopathic intracranial hypertension (IIH), i.e. from
patients with a chronic inflammatory and a non-inflammatory neuro-
logical disease, respectively. We could distinguish 20 clusters of
different cell types and identified significant differences between NT1
and MS in three clusters of CD4" T cells and one monocyte cluster.
Analysis of differentially expressed genes (DEG) revealed more than
1000 genes that were differentially regulated between NT1, NT2, MS
and IIH. Particularly strongly upregulated in NT1 as compared to MS
and ITH were the genome-encoded MTRNR2L12 and MTRNR2L8 genes
[101, which are highly homologous to the well-investigated mitochon-
dria-encoded HUMANIN gene [11].

2. Materials and methods
2.1. Patients

We collected CSF from patients with NT1, NT2, MS and IIH. Twelve
patients (8 females, mean age at 19.1 y. o. + 10.6, range 8-39) with NT1
presenting with excessive daytime sleepiness, typical cataplexy and
hypocretin deficiency were included. All patients had CSF hypocretin-1
levels below 110 pg/ml (all except three were below detection level) and
all but one were HLA-DQ-B1*06:02 positive. The delay from excessive
daytime sleepiness (first symptom) to CSF collection was remarkably
short, with a mean of 12.25 months +8.05 (range 5-36). Two patients (2
males, aged 14 and 24) with NT2 were included: one with atypical
cataplexy, HLA-DQBI*06:02 positive, and intermediate CSF hypocretin-
1 level (144 pg/ml); and the other without cataplexy, HLA-DQBI*06:02
negative and normal CSF-hypocretin-1 level (234 pg/ml). None of the
narcoleptic patients received vaccination against the 2009HIN1 influ-
enza virus strain.

In the MS-related group, we included five patients (4 females, mean
age at 30.2 y. 0. £+ 6.02, range 24-40): three patients with established
MS and two patients with radiologically isolated syndrome (RIS) to
avoid a too strong inflammatory bias of the cohort. All patients with MS
and RIS were positive for HLA-DQBI*06:02. Further, we included five
patients (5 females, mean age at 35.8 y. o. &+ 13.92, range 25-50) with
ITH. All MS, RIS, and IIH patients were treatment naive. Data of B cells
and plasmablasts from patients RIS-2 and RIS-3 were published [12].
Data of CD4™ T cells from patient MS-5 and all IIH patients were pub-
lished [13].

The studies involving NAR patients were reviewed and approved by
Comité de Protection des Personnes Nord-Ouest I, CPP 00035/200018
“Constitution of a cohort and of a clinical, neurophysiological and bio-
logical bank of rare hypersomnolence disorders” called SOMNOBANK
(NCT03998020) that includes adults and children above 6 years and
older. The study on MS and IIH patients was approved by the local ethics
committee of the Ludwig-Maximilian University Munich (projects no.
163-16 and 18-419). Written informed consent was granted by all par-
ticipants included in the study, and their parents for children with
narcolepsy.
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2.2. Isolation of cells, next generation sequencing

CSF cells from all patients were processed immediately after lumbar
puncture except cells from RIS-2, MS-12, MS-13, NT2-1, NT1-3, NT1-13,
NT1-14, which were frozen alive at —80 °C and stored in liquid nitrogen.
The frozen samples contained 4963 cells (709 cells/patient) and the
directly processed 22292 cells (1,311 cells/patient). It has been shown
that although the total cell numbers are decreased upon freezing, the
correlation of cluster distribution and gene expression from frozen vs.
fresh CSF samples remains strongly correlated [14]. Comparisons of
unique molecular identifiers, expressed genes, and mitochondrial gene
expression per cell between frozen and fresh cells show no significant
differences (Supplementary Fig. S1). Single cells from CSF were labelled
with barcoded antibodies targeting CD4 or CD8a using the TotalSeq-C
with 10x Feature Barcoding Technology (Biolegend) as described in
10x Genomics protocol CG000149 (Rev B).

Single-cell gene expression (GEX), af-T-cell receptor (TCR), and cell
surface protein (CSP) libraries were prepared using the 10x Genomics
platform according to protocol CG000208 (Rev F). All antibody-labelled
CSF cells from each sample were used as input. Nuclease-free water was
added to the barcode antibody-labelled cells to a final volume of 37.8 uL
and the protocol was carried out with the minor alterations described
[15]. The sequencing depth was 19,542-823,974 (mean: 176,279) reads
per cell for the GEX libraries, 3,656-745,017 (mean: 95,677) reads per
cell for the TCR libraries, and 647 - 341,911 (mean: 63,609) reads per
cell for the CSP libraries.

2.3. Pre-processing of single-cell sequencing data

Raw data obtained from sequencing was pre-processed and aligned
to the human reference genome GRCh38-2020-A (GEX) or GRCh38-alts-
ensembl-5.0.0 (TCR) using Cell Ranger (10x Genomics, version 6.0.2)
[16] as described [17]. The optimum numbers of PCs to use for each
clustering step were derived from an Elbow plot for each dataset (i.e., all
CSF cells, CD4™" T cells only, and CD8™ T cells only). The optimal reso-
lution was determined as the minimum resolution between 0.4 and 1.0
that yielded clusters that contained unique and distinguishable immune
cell types based on cluster marker gene expression. Pre-processed data
were then further processed and analyzed in JupyterLab (version 3.2.1
URL https://www.R-project.org/) using an R kernel (R version 4.1.3,
http://www.rstudio.com/) and the R package Seurat (version 4.1.1). In
summary, data from GEX and CSP libraries were combined for each
sample, quality-filtered to remove low-quality cells, doublets, and dead
cells according to the recommendations of the Seurat Guided Clustering
Tutorial (Standard pre-processing workflow). Thus, cells were kept only
if the contained >500 and < 20,000 RNA molecules, >200 and <2,500
genes, and <7.5 % mitochondrial RNA. Read counts from GEX and CSP
assays were normalized by sample using the NormalizeData-function
with normalization-method set to “LogNormalize” and “CLR”, respec-
tively. The T-cell clusters within the CSF immune cells were identified by
expression of CD3D and CD3E. Cells that were not located in the T-cell
clusters or did not express at least one TCR alpha- or beta-chain were
excluded. CD8" and CD4" T-cell subsets were identified based on
normalized CSP barcode read count data. Cells that were at least 1.5-fold
enriched in CD8A compared to CD4 were assigned the cell type CD8" T
cells. Conversely, cells that were at least 1.5-fold depleted in CDSA
compared to CD4 were assigned the cell type CD4" T cells. The
remaining cells were assigned to CD8" T cells if their normalized CD8A
RNA count in the RNA assay was >0.8 and CD4 expression was <0.2,
and to CD4™ T cells if the opposite was the case. Cells that could not be
assigned to CD4 " T cells or CD8" T cells were categorized as ambiguous.
T cells that express at least one identical TCR alpha- or beta-chain were
defined as clonotypes [15]. T cell clones were considered expanded if
their TCR clonotype was found at least twice by Cell Ranger (i.e. clo-
notype frequency >1) as described [15].
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2.4. Clustering and identification of immune cell types and differential
gene expression

Variable features were identified, and data was scaled using the
Seurat pipeline. Principal component analysis (PCA) was performed and
data from the individual samples was integrated using the R package
harmony (version 0.1.0) [18]. After integration, UMAP was used for
dimensional reduction. Clustering was performed using Seurat’s shared
nearest neighbour algorithm with 25 PCs and a resolution of 0.9. Im-
mune cell subsets were identified based on differentially expressed
genes by each cluster as identified by Seurat’s FindAllMarkers function,
based on expression of established immune marker genes, and based on
assignment to the CD4" and CD8™" T-cell subset. For separated clustering
of CD8" and CD4" T cells, clusters of single cells that were assigned to
these cell types were extracted from the CSF data (CD8" T cells: CSF
clusters 3, 7, 17; CD4™ T cells: clusters 0, 1, 2, 6, 9, 13). Subsequently,
the cell subsets were re-clustered and more precise immune cell types
were identified as described above starting from variable feature se-
lection. CD8" T cells were clustered based on 25 PCs at a resolution of
0.5. The CD8" MAIT T-cell cluster was identified based on high preva-
lence of cells expressing TRA chains TRAV1-2 and TRAJ12, TRAJ20,
TRAJ22 together with TRBV6 or TRBV20-1 genes [19]. CD4™ T cells
were clustered based on 35 PCs at a resolution of 0.5. DEGs between NT1
and control study groups were identified using Seurat’s
FindMarkers-function. Prior to DEG identification, cells were down-
sampled to 300 cells (CSF) and 100 cells (CD4" T cells) per sample to
give similar weight to all samples. The relatively low input cell numbers
and downsampling of cells to 300 or 100 cells per sample for
DEG-analysis make doublets further highly unlikely.

2.5. Pathway analysis

Pathway Analysis was performed on the differentially expressed
genes (p.adjusted<0.05) and using the R package ClusterProfiler [20].

2.6. Data visualization

UMAP plots, Heatmaps showing gene expression per cluster or cell
type, and violin plots were created using Seurat. Dot plots, volcano plots,
and remaining heatmaps were created in RStudio (version 2022.02.1)
using the R packages ggplot2 (version 3.3.6), cowplot (version 1.1.1),
and ComplexHeatmap (version 2.10.0).

2.7. Statistics

P values for different cell type and cluster compositions between
cohorts were calculated using two-sample t-tests and adjusted with the
Holm-Bonferroni method. P values for differential gene expression were
calculated using Wilcoxon Rank Sum test and adjusted via Bonferroni
correction across all genes in the dataset.

3. Results
3.1. Cellular diversity in the CSF of patients with narcolepsy, MS, and IIH

We analyzed CSF samples from 12 patients with recent-onset NT1,
two patients with recent-onset NT2, and 5 patients with IIH. Addition-
ally, two patients with RIS and three patients with established MS, all
treatment-naive, were combined as one MS group. Clinical data and
numbers of cells analyzed after quality control and filtering per patient
are shown (Table 1 and Supplementary Table S1A). A Uniform Manifold
Approximation and Projection (UMAP) plot comprising all 27,255 cells
for which reliable scRNAseq data were obtained is displayed in Fig. 1A.
We identified 20 clusters of different cell numbers (Supplementary
Table S1B), which can be assigned to 10 defined immune cell types
(Supplementary Table S1C). To assign cell types to each cluster, we
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Table 1

Clinical characteristics of the NT1, NT2, RIS, MS, and IIH patients. We list
the designations of the patients (column 1), their sex (column 2), their age at the
time of lumbar puncture (column 3), the time that passed since the first symp-
toms were observed (column 4), their HLA-DQB1 *06:02 status (column 5), and
the hypocretin CSF levels for patients with NT1 or NT2 (column 6).

Participants ~ Sex  Age: Time since HLA- CSF
Time of first DQB1%06:02 hypocretin
CSF symptoms levels (pg/
(years) (months) mL)
NT1-2 M 11 6 positive 14
NT1-3 M 33 13 positive 83
NT1-4 F 17 7 positive <10
NT1-5 F 39 5 negative <10
NT1-6 F 11 12 positive 13
NT1-8 M 29 36 positive 14
NT1-9 F 14 12 positive <10
NT1-10 F 8 12 positive <10
NT1-11 F 15 12 positive 17
NT1-12 F 32 12 positive 31
NT1-13 F 10 13 positive 54
NT1-14 M 10 7 positive <10
NT2-1 M 24 72 positive 144
NT2-7 M 14 8 negative 234
RIS-2 M 24 6 positive NA
RIS-3 F 28 5 positive NA
MS-5 F 28 133 positive NA
MS-12 F 40 233 positive NA
MS-13 F 31 1 positive NA
IIH-1 F 27 33 positive NA
IIH-2 F 52 10 negative NA
IIH-3 F 25 7 negative NA
1IH-4 F 25 43 negative NA
IIH-5 F 50 70 negative NA

plotted the most strongly expressed genes of each cluster in a heatmap
(Fig. 1B) and deduced the relevant cell types (Fig. 1C). The marker genes
for CSF cell types and T are listed in Supplementary Table S2. This
revealed six clusters of CD4™ T cells (clusters number #0, 1, 2, 6, 9, 13)
and three clusters of CD8™ T cells (#3, 7, 17). Clusters 1 and 2 were very
similar to cluster 0 showing a slightly higher expression of activation
markers like granzymes (GZM) A and K, cluster 6 contained highly
activated T cells expressing high levels of GZMK, GZMA, CXCR6, and
cluster 9 comprised regulatory T cells, which notably express FOXP3 and
TIGIT. CD8" T cells of cluster 3 showed higher levels of activation
markers than those of cluster 17 and 7, while cluster 7 expressed higher
levels of the tissue-resident memory T cell-associated transcription fac-
tor ZNF683/HOBIT. Further, the heatmap allowed us to identify 5
clusters of monocytes (#4, 5, 10, 14, 19), 2 of dendritic cells (#15, 18),
and 1 cluster each of B cells (#11), plasmablasts (#16), NK cells (#8),
and yd T cells (#12).

To gain further insight into the cellular distributions, we plotted the
cell counts of each cluster as percentages of the total cell counts (Fig. 2A)
and cell types (Fig. 2B) of each patient in the NT1, NT2, MS, and IIH
groups. As expected, in all patient groups, CD4" T cells were the most
populated clusters followed by clusters with CD8™ T cells. It is evident
that the cell frequencies of the three highly populated clusters, encom-
passing naive or slightly activated CD4" T cells (#0, 1, 2), were rela-
tively higher in MS patients as compared to NT1 and IIH patients. The
differences between MS and NT1 patients in clusters O and 1 were sta-
tistically significant, as well as the differences in cluster 9, i.e. in regu-
latory CD4" T cells, and in the monocyte cluster 5. The differences in cell
frequencies in all other clusters were not significant between the three
patient groups, including the remaining clusters with CD4" and CD8" T
cells (#2, 6, 13 and #3, 7, 17, respectively) and B cells and plasmablasts
(#11, 16). Relative cell frequencies in patients with recent onset NT2,
may be considered anecdotal, as only two patients were present in this
group. Clusters containing activated CD4" and CD8™ T cells (#3, 6, 17)
as indicated by relatively high GZMA, GZMK and CXCR6 expression
(Fig. 1B) showed comparable cell count percentages in all disease
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Fig. 1. Cellular composition of all CSF cells. Single cells were analyzed by scRNAseq and data were subjected to quality control and filtering. A: UMAP revealing 20
different clusters of CSF cells within the 27,255 single CSF cells from NT1 (n = 12), NT2 (n = 2), RIS (n = 2), MS (n = 3), and IIH (n = 5) patients (Supplementary
Tables 1 and 2). Five different clusters of CD4™ T cell, three clusters of CD8™ T cell, four clusters of monocytes, two clusters of dendritic cells, and one cluster each of
Tregs, y5 T cells, B cells, and plasmablasts are indicated. B: Heatmap displaying scaled expression of the five most distinctive marker genes for each of the 20 clusters.
For each cluster, 100 randomly chosen cells are displayed. Cluster 19 consisted of only 18 cells, causing a narrower column. The colors and numbers on top refer to
the cluster numbers from Fig. 1A. Gene names are shown on the left. C: Assignment of clusters to immune cell types based on the distinctive marker genes shown

in Fig. 1B.

groups. Overall, we uncovered significant differences only between NT1
and MS patients, whereas the CSF cell composition in NT1 samples is
quite similar to that of ITH.

3.2. Gene expression profiles of CD4" and CD8" T cell subsets

Next, we analyzed gene expression patterns from CD4" and CD8" T

cells individually. CSF cells were assigned to the CD4" and CD8" T cell
subset based on the results obtained from anti-CD4 and anti-CD8A
antibody labelling and expression levels of CD4 and CD8A genes. Cells
that were not located in the T-cell clusters 0, 1, 2, 3, 6, 7,9, 13, and 17
(Fig. 1A) or did not express at least one alpha- or beta-TCR chain were
excluded. A UMAP of the 14,549 re-clustered CD4 T cells is shown in
Fig. 3A. Due to re-clustering, the shapes of the clusters differ slightly
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Fig. 2. Boxplots showing the cell counts of CSF clusters and cell types. A: Cell frequencies for clusters 0 to 19 are shown as percentages of the total CSF cell counts of
NT1, NT2, MS, and ITH patients. B: Cell frequencies are shown for ten cell types (see Fig. 1 for assignment): B cells (cluster 11), CD4™" T cells (clusters 0, 1, 2, 6, 13),
CD4™ Treg cells (cluster 9), CD8™ T cells (clusters 3, 7, 17), dendritic cells (clusters 15, 18), y5 T cells (cluster 12), monocytes (clusters 4, 5, 10, 14, 19), NK cells
(cluster 8), pDCs (cluster 18), and plasmablasts (cluster 16). Error bars (interquartile range), box plots, and median are indicated. The size of each dot reflects the
total number of CSF cells in the corresponding sample. Holm-Bonferroni—adjusted p values are shown with their level of significance (* < 0.05; ** < 0.01; *** <
0.001) if the adjusted p value was <0.05 between any 2 groups. Note the different scales of the relative cell frequencies shown in percent of the total cell counts in

each patient on the y-axis.

from the clusters in Fig. 1A. We could distinguish naive T cells (Tnaive),
Th1 central memory (Th1l Tcm), Thl effector memory (Thl Tem), Th17
(Th17), and regulatory T cells (Treg). This assignment of clusters to
particular T cell types was based on preferential expression of marker
genes as shown in Fig. 3B. We additionally compared the cell counts of
each cluster as percentages of the total T cell counts of each patient in
the NT1, NT2, MS, and IIH groups (Fig. 3C). None of the CD4" T cell
subsets differed significantly between diseases. However, consistent
with our analysis of all CSF cells above, there was a trend towards more
Th1l Tem cells and less Tregs in NT1 samples compared to MS and IIH
samples. A comparable analysis of 3,780 CD8" T cells (Fig. 4A-C) also
revealed no significant differences in the CD8" T cell subsets between
diseases. Usage of the hypervariable TCR chains allowed us to identify
expanded CD4" T cell clones with identical TCR chains and to compare
them to non-expanded clones. Expanded clonotypes of all patients are
listed in Supplementary Table S3. Since clonal expansions likely arose
from previous antigen contact, we analyzed expression patterns of
activation-, apoptosis-, and exhaustion-markers genes from expanded
CD4™ T cell clones of Th1-Tem and Th1l-Tem, and Th17 subsets. How-
ever, we could not detect specific differences between IIH, MS, NT1 and
NT2 patients (Supplementary Figs. S2A—C), which may be due to the low
cell numbers available from CSF.

3.3. Differentially expressed genes in CSF from NT1 versus MS and IIH
patients

We used volcano plots to visualize DEG of NT1 versus IIH (Fig. 5A),
MS (Fig. 5B), and NT2 (Fig. 5C). Up- and downregulated genes in NT1 as

compared to I[TH, MS, and NT2 are shown in red color on the right side
and in blue color on the left side of the plots, respectively. Analyzing all
CSF cells, we identified 541 significant DEG in NT1 compared to IIH,
1,113 DEG in NT1 compared to MS, and 302 DEG in NT1 compared to
NT2 (Supplementary Table S4, sheets 1 to 3). When focusing on genes
that were not only significantly differentially expressed, but also possess
an at least 2-fold higher or lower average gene expression in NT1
compared to one of the control cohorts, we found 12 genes to be strongly
differentially regulated in NT1 compared to IIH, 61 genes compared to
MS, and 33 genes compared to NT2 (highlighted in Supplementary
Table S4, sheets 1 to 3). Many of the upregulated genes in MS as
compared to NT1 were immunoglobulin genes, which is probably due to
an increased humoral response in MS. The most significantly and most
strongly upregulated gene in NT1 and NT2 compared to MS and to IIH
were the two nucleus-encoded members of the HUMANIN (gene name
MTRNR2) family, named MTRNR2L12 and MTRNR2L8 (“L" stands for
“like”) [10] (Fig. 5A and B and Supplementary Table S4, sheets 1 and 2).
The mitochondria-encoded HUMANIN was not included in the standard
reference genome GRCh38-2020-A, which is recommended by 10x
Genomics for single cell analysis of human cells. Due to the high ho-
mologies within this gene-family, it may be possible that HUMANIN
alone or in addition to MTRNR2L12 and -L8 is among the most highly
DEGs in narcolepsy because the program Cell Ranger might have aligned
the transcripts to next best fitting genes in the reference genome.

We next analyzed DEG between patient-groups among cells of the
same CSF cell type (Fig. 5D-J). Dot plots of DEG are shown in specific
cell types, namely for CD4" T cells (#0, 1, 2, 6, 13, Fig. 5D), CD4" Treg
cells (#9, Fig. 5E), B cells and plasmablasts (#11, 16, Fig. 5F), CD8T T
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Fig. 3. Cellular composition of CD4" T cells. Integration of the scRNAseq sub-datasets and clustering was performed as described for CSF cells in Fig. 1. Cell types
were identified by marker gene expression in the obtained clusters. A: UMAP showing five clusters identified from the 14,549 CD4" T cells of this dataset. Naive T
cells (Tnaive), Th1 central memory (Th1l Tcm), Thl effector memory (Th1l Tem), Th17 (Th17), and regulatory T cells (Th1 Treg) are indicated. B: Heatmap displaying
the scaled expression of the five most distinctive marker genes for each of the five CD4 " cell types. The colors and designations on top refer to Fig. 2A. Gene names are
shown on the left. C: CD4* T cell frequency by cell type. Boxplots showing the frequencies of cells from each of the five clusters shown in Fig. 2A as percentages of the
total CSF CD4 ™ T cell counts of NT1, NT2, MS, and ITH patients. Error bars (interquartile range), box plots, and median are indicated. The size of each dot reflects the

total number of CD4" cells in the corresponding sample.

cells (#3, 7, 17, Fig. 5G), dendritic cells (#15, 18, Fig. 5H), yd T cells
(#12, Fig. 5I), and NK cells (#8, Fig. 5J). Dot plots of DEG of monocytes
(#4, 5, 10, 14, 19), where particularly many DEG were detected, are
shown in Supplementary Fig. S3. A comprehensive heatmap of DEG that
differ between NT1 and the MS, IIH, and NT2 groups in different im-
mune cell types is shown in Supplementary Fig. S4.

DEG of the 14,549 CD4" T cells (see Fig. 3) are depicted as volcano
plots of NT1 versus IIH (Fig. 6A), MS (Fig. 6B), and NT2 (Fig. 6C). The
DEG-pattern is similar to Fig. 5 with MTRNR2L12 and MTRNR2L8 being
highly upregulated in NT1 as compared to IIH and MS. In Fig. 6D-H, we
show dot plots of the most relevant DEG in each of the five CD4" T cell
subsets identified in Fig. 3A. Supplementary Fig. S5 displays a heatmap
of DEG in the different clusters and disease groups. Many genes were
differentially upregulated in NT1 as compared to MS and IIH such as the
ribosomal proteins RPS2 and NOP53, the mRNA-regulating gene
ZFP36L2, and transcriptional regulators BTG1 and KLF2. CD69 and FOS,
both being involved in T cell activation, were upregulated in MS as

compared to NT1 and IIH, in agreement with the population of clusters
with proinflammatory genes being higher in MS than in NT1 and IIH.

3.4. High expression of MTRNR2L12 in narcolepsy

Both, volcano- and dot plots for all cells and CD4* T cells (Figs. 5 and
6), as well as heat maps (Supplementary Figs. S3 and S4), underscore the
prominence of MTRNR2L12 and MTRNR2L8, which were strongly
overexpressed in NT1 and NT2 patients as compared to MS and IIH
patients. Strikingly, both genes were overexpressed in all cell types
(Fig. 5A and B and Fig. Supplementary S3), CD4" T cell (Fig. 6A and B
and Supplementary Fig. S4), and CD8" T cell clusters (Fig. 5G). The
other members of the MTRNR2L-group were expressed at very modest
levels (Supplementary Fig. S6).

This was particularly evident when the expression of MTRNR2L12,
the most highly upregulated gene, was analyzed in UMAP plots of the
four disease groups (Fig. 7A-D). Its homolog MTRNR2L8 was also
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specifically expressed in CSF cells from NT1 and NT2 patients
(Fig. 7E-H). Violin plots of all individual patients of each group reveal
that MTRNR2L12 is highly expressed in 7 out of 12 NT1 and in 2 out of 2
NT2 patients (Fig. 7I). MTRNR2LS is highly expressed in 5 out of 12 NT1
and in 1 out of 2 NT2 patients (Fig. 7J). Of note, both genes were not
significantly expressed in any of the 5 MS and 5 IIH patients.

To gain insight into the biological perturbed pathways in NT1 pa-
tients, we performed pathway analysis using the R package Cluster-
Profiler focusing on the CD4" T cell clusters given their strongly
suspected involvement in the NT1 pathogenesis [3]. We compared NT1
patients to the non-inflammatory control group (IIH). Results showed
enrichment of pathways related to cytoplasmic translation and cytokine
production (Supplementary Figs. S7A and B). Of particular interest,
three pathways containing both the MTRNR2L8 and MTRNR2L12 genes
were significantly enriched (Supplementary Fig. S7C). Among them, the

“Negative regulation of signaling receptor activity” that contained the
TNF gene in addition to MTRNR2L8, MTRNR2L12 and MTRNR2L1 was
significantly enriched (Supplementary Fig. S7D).

4. Discussion

Here we compared the cellular landscapes of CSF cells from NT1,
NT2, MS, and IIH patients in order to identify differences in gene-
expression levels between narcoleptic and control patients, which
might elucidate the pathogenesis of narcolepsy. Our study revealed that
the CSF cell composition and gene expression levels in narcoleptic pa-
tients are more similar to the non-inflammatory disease IIH, while there
were differences to the inflammatory disease MS. Notably, in this study,
the MS patients were selected to share the NT1-associated HLA-
DQBI1*06:02 allele, therefore significant differences between NT1 and
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Fig. 5. Analysis of differentially expressed genes (DEG) in all CSF cells. Global DEG from gene expression comparisons: A: NT1 versus IIH, B: NT1 versus MS, and C:
NT1 versus NT2 as volcano plots. CSF cells were downsampled to 300 cells per sample to give equal weight to each sample. Samples that contained less than 300 cells
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Hemoglobin (HBB) transcripts derive from minor contamination with erythrocyte-RNA which is commonly seen in lumbar puncture samples [14] and unavoidable in

clinical practice.

MS in gene expression levels and DEG are therefore not due to this HLA-
allele. Consistent with the gene expression levels, we found upregulation
of proinflammatory DEG in MS as compared to NT1 and IIH. This is
probably due to the chronic marked inflammation ongoing in MS.

Single cell analyses in peripheral blood of NT1 patients using flow
cytometry [21] or mass cytometry [22,23] revealed systemic activation
of T cells, with, in particular, increased production of IL-2, IL-4, IL-13
and TNF by both antigen-experienced CD4 and CD8 T cells from NT1
patients as compared to controls following PMA/ionomycin stimulation.
However, unbiased [24] and targeted [25] proteomics studies of the CSF
of NT1 did not reveal significant difference in cytokine levels. Further
single-cell transcriptomic analyses are warranted to determine whether
the cytokine signaling pathways are dysregulated in NT1 patients.

The most striking DEG identified here were the HUMANIN-family

members MTRNR2L12 and MTRNR2LS8, which were both overex-
pressed in NT1 and NT2 as compared to MS and IIH. Both are 24 amino
acid-long peptides encoded on chromosomes 3q11.2 and 11p15.3,
respectively [10]. They belong to a group of 13 nucleus-encoded pep-
tides [10]. As detailed above, HUMANIN was not included in the
reference genome. Therefore, it is possible that HUMANIN is also one of
the highest DEGs in narcolepsy but could not be detected here. The
amino acid sequences of MTRNR2L12 and MTRNR2LS8 are identical but
their nucleotide sequences are different due to a silent exchange of
adenine to guanine in position 54 [10]. The nucleotide sequences of
HUMANIN differs at position 35, which leads to a substitution of serine
by leucine in position 12. In contrast to MTRNR2L8, which is long
known to be translated into peptides, MTRNR2L12 was initially assumed
to be a pseudogene [10]. More recently, MTRNR2L12 was found to be
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color of each dot indicates the average expression level in cells of the cell type.

expressed at the RNA level in several tissues including the brain [26].
The high expression of MTRNR2L12 and MTRNR2L8 in narcoleptic
patients is particularly intriguing because significant gene expression
was detected neither in CSF cells of the inflammatory disease MS nor in
the non-inflammatory disease ITH.

HUMANIN is intensely investigated because of its neuroprotective
and anti-apoptotic effects in Alzheimer’s disease [11]. Although the
exchange of leucine to serine is slightly non-conservative, peptides from
the HUMANIN gene family were assumed to share anti-apoptotic func-
tion [10]. One may speculate that this known link of HUMANIN to
Alzheimer’s disease and of MTRNR2L12/MTRNR2L8 to NTI1, as
observed here, might be related to the reported negative association
between these two diseases [27]. p-Amyloid dynamics are regulated by
hypocretin and the sleep-wake cycle [28], and some studies have
highlighted correlations between hypocretin and f-amyloid levels in
patients with Alzheimer’s disease [29]. Also, lower brain amyloid

burden assessed by positron emission tomography was identified in
elderly patients with NT1, suggesting a lower risk of amyloidopathy
related to Alzheimer’s disease [30]. Further, a pathophysiological role of
HUMANIN was detected in other diseases, including several neurode-
generative disorders [31-33]. MTRNR2L12 was found to be involved in
Hirschsprung’s disease, which is a genetic disorder of neural crest
development [34]. Taken together, these observations suggest an
important role of peptides from the HUMANIN gene-family in the
pathophysiology of narcolepsy.

A drawback of our study is that HUMANIN was not enclosed in the
reference genome GRCh38-2020-A. Thus, in addition or instead of
MTRNR2L12 and -L8, HUMANIN may be a highly relevant DEG. Thus, it
will have to be determined whether MTRNR2L12 and -L8, or HUMANIN
or all three gene-products are players in the pathogenesis of narcolepsy.
Another shortcoming is the low CSF cell numbers that were available for
analyses. This is particularly true for NT1 and NT2 because the cell
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Fig. 7. Expression of MTRNR2L12 and MTRNR2L8. A-H: UMAPs showing expression of MTRNR2L12 in A: IIH, B: MS, C: NT1, and D: NT2 patients, and expression
of MTRNR2LS in E: IIH, F: MS, G: NT1, and H: NT2 patients. Each sample was down-sampled to 300 cells. In order to give similar weight to the samples with vastly
different cell numbers. Dark blue dots indicate cells that express the respective gene, light grey dots indicate cells that do not express the respective gene. I, J: Violin
plots of each patient of each disease group show that I: MTRNR2L12 is strongly expressed in 7 out of 12 NT1-and in 2 out of 2 NT2-patients (NT1-2, —3, —4, —6, —8,
—13, —14, and NT2-1, —2), and J: MTRNR2LS is strongly expressed in 5 out of 12 NT1-and in 1 out of 2 NT2-patients (NT1-3, —4, —6, —13, —14, and NT2-1).

numbers per volume is similar to that of healthy individuals, while they
are elevated in MS. In ITH, the cell numbers per volume are also low, but
higher CSF volumes were obtained for therapeutic reasons. We included
12 hypocretin-deficient patients with NT1 all but one carrying HLA-
DQBI1*06:02, and two patients with NT2 including one with atypical
cataplexy and intermediate hypocretin levels as well as HLA-
DQB1*06:02-positivity, thus with some typical narcolepsy features as
recently reported [35]. Only one patient with IIH is HLA-DQB1*06:02
positive. Nevertheless, we could detect gene expression signatures that
were specific for narcolepsy, indicating that the milieu in CSF is less
inflammatory than in MS and resembles more the milieu in IIH. Of
important note, all narcoleptic patients were recruited very close to
disease onset. Further, our unexpected finding that HUMANIN family
members were specifically expressed in CSF cells of NT1 and NT2 pa-
tients might open the path for functional studies to further elucidate
their role in the pathogenesis of narcolepsy. Such functional studies,
however, will be hampered by the fact that no close homologues to
HUMANIN and the MTRNR2-family are encoded in the genomes of mice.
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