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Narcolepsy is a sleep disorder characterized by excessive daytime sleepiness, cataplexy and other
associated symptoms. The prevalence of this disease is around 0.02% but is heterogenous between
populations. Narcolepsy onset is during childhood or early puberty. This sleep disorder is caused by a
loss of 70000-90000 hypocretin neurons representing at least 90% of the hypocretin cells pool.
Narcolepsy is an immune system-associated disease linked with numbers of genes expressed in immune
cells. More than 90% of narcoleptic patients are positive for HLA-DQB1*06:02, an allele of the HLA class II.
Narcolepsy is also associated with other genes involved in the immune response such as T-cell receptor
a and Cathepsin H. All these genetic polymorphisms linked with narcolepsy may result in a strong

immune response leading to an autoimmune process and the destruction of hypocretin neurons.

Introduction

Narcolepsy is a sleep disorder characterized by five
symptoms [1,2]: excessive daytime sleepiness,
cataplexy (episodic loss of muscle ton), sleep
paralysis, hypnagogic hallucinations (dream-like
sensation near the onset of sleep) and disturbed
nocturnal sleep. Many of the narcolepsy symptoms are
explained by abnormalities of a particular stage of
sleep, rapid eye movement (REM) sleep [2].
Narcolepsy prevalence is around 0.02% but is
heterogenous between populations. In Japanese
population, the prevalence reaches 0.16% whereas it is

almost absent in Israeli population [3]". Narcolepsy
usually appears during childhood or early puberty [2].
When the five symptoms are present, the diagnosis is
easy. Nevertheless if cataplexy or sleep paralysis are
absent, there are two tests to confirm narcolepsy: the
multiple sleep latency test (MSLT) and the
polysomnogram [1][3]". The MSLT is a sleep disorder
diagnostic tool which measures the time taken by a
patient to go to sleep in a quiet environment [4]. The
test reveals that narcoleptic patients fall asleep more
rapidly than controls (usually less than 8 minutes) [2].
The polysomnogram is an overnight test which takes
continuous multiple measurements of many body
functions as the brain or the muscle functions: it
reveals abnormalities in REM sleep. Narcoleptic
patients present a clear sleep stage dissociation with
an increase number of REM and awake stages [2,5].

Narcolepsy is caused by an hypocretin deficiency.
The first evidence linking hypocretin (also called
orexine) with narcolepsy came from mutant animal
models with defective hypocretin or hypocretin receptor
2 genes [6]”. In humans, narcolepsy is characterized
by a loss of 70000-90000 hypocretin neurons of the

hypothalamus [1][3]". This loss represents 90% of the
hypocretin neurons pool. Hypocretin neurons

synthesize hypocretin which is a neurotransmitter
involved in the regulation of wakefulness, appetite, and
arousal [7]. Loss of hypocretin neurons seems to be
sufficient to trigger narcolepsy [8]. Recently, the
measure of hypocretin levels in cerebrospinal fluid
have been considered as a diagnosis tool [9,10]. This
test is more accurate than the MSLT and the
polysomnogram as it directly addresses the
biochemical cause of the disorder [9].

Narcolepsy is associated with upper airways
infections such as influenza A virus and Streptococcus
pyogenes infections [11]7[12]". Indeed, a Chinese
study conducted in 629 patients suggests a strong
relationship between narcolepsy development and
seasonal influenza infections [11]". This study shows
that narcolepsy incidence increases between April and
August and is significantly correlated with seasonal
H1N1 infections occurring during winter. It also reports
that 2009 H1N1 pandemic has led to a 3-fold increase
of narcolepsy incidence. Regarding Streptococcus
pyogenes, specific markers of the infection (antibodies
against B hemolytic streptococcus and Dnase B) are
statistically higher in narcoleptic patients than in
controls and their levels are even higher in case with
recent onset [12]". Nevertheless, the association
between the sleep disorder and Streptococcus
pyogenes infections is still controversial as no other
studies have shown this statistical link and as the
bacteria is very common and may just be a coinfectant
agent of the flu.

The main hypothesis to explain the association
between narcolepsy and influenza viruses is that
narcolepsy is an autoimmune disease. Proteins of
H1N1 virus may share homology with hypocretin
neurons-overexpressed ones, bind to HLA-
DQB1*06:02 and lead to the activation of autoreactive
immune cells against hypocretin neurons. Even if these
cells have not been yet identified, narcolepsy has been
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Figure 1. Genes associated with narcolepsy encode proteins involved in antigen presentation (HLA class Il pathway)
and CD4+ T-cell activation. Proteins genetically associated with narcolepsy are in red. Non-self protein and antigenic peptide
are in green. FcyR is a receptor for opsonized particles in APCs. HLA-DM are HLA-II like proteins required to facilitate the
loading of the antigenic peptide [42]. *: In the HLA Il compartment, the decrease of pH leads to the Li degradation in CLIP.
CLIP will be replaced by the antigenic peptide [49]. ICK is a kinase associated with CD4 which phosphorylates CD3 and leads
to the T-cell activation. This figure does not represent P2RY11 and proteins involved in immunosuppressive activity of

regulatory T-cells. (Adapted from [42])

linked for the last decades with genes involved in the
immune response

In this review, we will focus on the genes involved in
the immune response and associated with narcolepsy.
Most of these genes are implicated in the T-cell
response. In a first part, we will present genes
expressed by antigen-presenting cells (APCs) and
involved in the processing and presentation of peptides
to the T-cells. Then, we will focus on the T-cell receptor
(TCR) which has been wells studied in the past years.
Finally, genes associated with T cell survival and T cell
immunosuppressive activity will be presented.

Narcolepsy is associated with
polymorphism of genes implicated
in antigen presentation by APC

Two proteins, cathepsin H and HLA-DQB1, are
involved in antigen processing and presentation, and
are genetically associated with narcolepsy (Figure 1)

[13,14]". In 2013, six single nucleotide polymorphims

(SNPs) were discovered in cathepsin H (two in intron 1,
a region already known to be associated with type 1
diabetes, and four in exon 1) by an immunochip study
[13]"[15-17]. This analysis, performed on chips
containing 200000 SNPs associated with nine auto-
immune diseases, included 1886 narcoleptic patients
and 10241 controls of European ancestry [13]™. One of
the SNPs localized in exon 1, rs2289702T, is
associated with a mutation (Gly11Arg) in the peptide
signal of cathepsin H [13]. Cathepsin H is a lysosomal
cysteine proteinase activated by low pH, cleavage, and
dimerization which acts as an endopeptidase or as an
aminopeptidase [18]. This enzyme plays an important
role in degradation of endocytosed proteins, cellular
recycling, antigen processing and peptides loading
onto HLA class Il proteins [18]. Indeed, the absence of
cathepsin H impairs immune cells development
whereas a cathepsin H overexpression is observed
during inflammation [19,20]. The activity of cathepsin H
is extremely regulated by its natural inhibitors, as
cystatin [13]”. The activity and the concentration of
cathepsine H are partially dysregulated by Gly11Arg.
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This mutation introduces a polar amino acid positively
charged in the peptide signal of cathepsin H. It
modifies the trafficking and potentially the protein
cleavage (bioinformatic simulations) leading to a
decreased concentration of cathepsin H in the
lysosomes [13]". Therefore there may not be enough
cathepsin H to correctly process the proteins impacting
the protein repertory presented by HLA molecules.

Narcolepsy is also associated to HLA-DQB1*06:02

(Figure 2) [14]™. Interestingly, this allele is protective
against type 1 diabetes meaning that for two different
immune system-associated disease the same allele
can have opposite effects [21]. HLA-DQB1 belongs to
the HLA class Il family and its product forms a
heterodimer with HLA-DQA1, the product of the next
door HLA gene on chromosome 6. The association of
narcolepsy with this allele was found after that 509
narcoleptic patients with or without cataplexy were HLA
typed [14]. More than 90% of patients with cataplexy
were positive for HLA-DQB1*06:02 against 25% in
ethnical matched controls [22]. For patients with mild,
atypical or no cataplexy, the frequency of the allele was
around 50%. The protein encoded by HLA-DQB1*0602
has nine polymorphic aminoacids in comparison to the
protein encoded by HLA-DQB1*0601, a protective
allele for narcolepsy [21]. Five polymorphic amino
acids are found in the binding pockets, keys for the
HLA peptide interaction, and one of them is associated
with the mutation Asp37Tyr. This mutation has an
important impact on the HLA-peptide complex as
Asp37Tyr is in pocket P9 and introduces a negative
charge impacting the hydrogen bonding network [21].
Even if the polar character of P9 is conserved, this

mutation seems to modify the binding specificity of P9
and to increase the affinity for the peptide.
Furthermore, two other polymorphims found in the
binding pocket P4 are associated with two mutations,
Ala13Gly and Tyr26Leu [22]. These mutations
decrease steric clashes within P4 and the interaction
between P4 and the peptide is stabilized. These
polymorphisms found in regions in contact with the
peptide lead to an augmentation of the stability of the
complex and an increase of the peptide presentation
time at the membrane (Figure 1).

The statistical association between narcolepsy and
HLA-DQB1*06:02 is so strong for patients with clear
cataplexy that narcolepsy was initially linked in 1984
with an allele of another HLA gene very closed to HLA-
DQB1: HLA-DRB1*1501 [23]'. All the Japanese
patients studied in this analysis were positive for this
allele. Nevertheless, the link between narcolepsy and
HLA-DRB1*1501 was less pronounced in other ethnic
groups and was not found in African-American
narcoleptic patients. Narcolepsy is also artificially
linked with HLA-DQA1*01:02 as its products dimerizes

with HLA-DQB1*06:02 [3]".

TCR is genetically linked with
narcolepsy

In the previous part, we showed that narcolepsy is
strongly linked with HLA-DQB1*06:02. Nevertheless,
Mignot et al demonstrated in 1998 that the disease was
not fully explained by polymorphisms found in the HLA
locus as familial cases of narcolepsy may more often
be HLA-DQB1*06:02 negative than sporadic cases: up
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Figure 2. Narcolepsy is associated with HLA-DQB1*06:02. Green represents HLA-DQB1 whose allele is statistically linked
with narcolepsy. Red represents HLA-DQA1 and HLA-DRB1 whose alleles are artificially associated with the sleep disorder.

All these genes are found in the same 100 kb region in the HLA locus belonging to the chromosome 6 [43]".
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Figure 3. Localization of SNPs associated with narcolepsy in TCRa. In human cells, TCRa locus is made of 43 variable
regions, 34 junction regions and one constant region. TCR¢ is localized in TCRa locus, between the variable and junction
regions. Rs12567781 is localized between junction regions 13 and 14, rs1154155 between junction regions 9 and 10, and
rs1263646 between exons 1 and 2 of the constant region. r? gives the link disequilibrium between SNPs for each ethnic group.
In Caucasians and African-Americans, the link between rs12587781 and rs1154155 is stronger than the link between
rs1154155 and rs1263646. This suggests that the association peak is in the junction region rather than in the constant region.

Rs1154155 is the marker the most significantly associated with narcolepsy [25]". (Adapted from [25]).

to a third of narcoleptic families does not have this
allele [24]. In order to know if other genes could explain
the susceptibility to narcolepsy, genome-wide
association study was performed in Caucasians from

US, Canada and Europe centers for narcolepsy [25]™.
Cases were all HLA-DQB1*06:02 positive with clear-
cut narcolepsy-cataplexy and were geographically and
ethnically matched with HLA-DQB1*06:02 positive
controls. Cerebrospinal fluid hypocretin levels were
available for 23% of narcoleptic cases and they were
systematically insufficient in comparison to standard
levels. In addition to these expected results, three
markers in TCRawere found to be in high link
disequilibrium with caucasian narcolepsy (Figure 3)
[25]". To confirm this discovery, the genome-wide
association study was done again in two other ethnic
groups (Asians and African-Americans): the same
three markers were linked with narcolepsy and

confirmed by further studies [26]". TCRa encodes for
the a chain of the TCRap heterodimer interacting with
HLA class | and HLA class Il molecules [27]. TCRa is
made of variable, junction and constant regions and
undergoes a random somatic recombination. Even if
the molecular mechanisms of the link between
narcolepsy and TCRa remain unknown, it is likely that
the mutations associated with the SNPs have an effect
on the somatic recombination as these SNPs are found
in the junction region which is important for the
recombination of the variable region with the constant
region. The idea is that the recombination is not
random in the presence of these SNPs leading to the
formation of a TCRa very affine for the HLA-
DQA1*01:02/HLA-DQB1*0602 peptide complex
[13][25][26]". Therefore, the activation of CD4+ T
cells will be stronger and could lead to the destruction
of hypocretin neurons if the non self presented peptide
shares homology with proteins overexpressed in these
neurons.

Recently, an additional study on the association

between narcolepsy and T CR genes showed that
TCRgB was also involved [28]. 1189 narcoleptic patients
and 1997 controls from China were included in the
study. Narcoleptic cases were all diagnosed at the
clinical center of Beijing University with hypocretin
deficiency, clear-cut cataplexy and HLA-DQB1*06:02
positivity [28]. Three markers were discovered in the
variable region of TCRB. TCRB undergoes a VDJ
somatic recombination [29]. The presence of D
segments increases the diversity of the recombinant
TCRg repertory in comparison to the TCRa repertory.
The effects of the mutations associated with these
SNPs are poorly known and understood. As previously,
they may have an effect on the somatic recombination
leading to the formation of a TCRf affine for the HLA-
DQA1*01:02/HLA-DQB1*06:02 peptide complex. The
fact that these statistical associations with TCRa and
TCRg loci found in narcolepsy but not in other HLA-
associated diseases such as type 1 diabetes may
reflect a relative oligoclonality of the TCR subtypes
involved in the physiopathology of narcolepsy,
themselves tightly associated with a single HLA
heterodimer.

Narcolepsy is associated with genes
involved in the survival and the
proliferation of T-cells and the
immunosuppressive effect of
regulatory T-cells.

After the study performed to find the association
between TCR genes and narcolepsy, another genome-
wide association study was done in a European
ancestry population (594 narcoleptic cases against 931
controls) on 10 loci including genes involved in immune
response and 18 markers, already known to be linked
with narcolepsy or unknown, were found [30]. The
highest significant SNP, rs4804122, was localized in
the downstream region of P2RY71. Interestingly the
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same study was replicated in two other ethnic groups
(Asians and African-Americans), but rs4804122 was
not found to be associated with narcolepsy [30].
Indeed, it was another SNP from the initial 18 markers,
rs2305795 localized in the 3' UTR of P2RY11, which
showed the highest association with narcolepsy across
all ethnic groups [30]. Rs2305795 is associated with
one or two contiguous mutations in the 3' UTR of
P2RY11: GG becomes AG or AA. This polymorphism

had also been found in Chinese narcolepsy [26].
P2RY 11 is a low affinity receptor for ATP belonging to a
family of more than 20 purinergic receptors [31]. The
expression of P2RY11 is widespread in all immune
cells and its function is unusual: P2RY11 activation
counterbalances the cytotoxic effect of ATP mediated
by other purinergic receptors [30-32]. In CD8+ T-cells,
P2RY11 expression is higher than in other immune
cells and it also protects against cytotoxic effects of
ATP [30]. The mutation associated with rs2305795
decreases this protection and leads to a decreased
CD8+ T-cells survival [30]. Seemingly, this result is
surprising because autoimmunity is a process involving
proliferation of immune cells and because the link

[CXXC"BAH1INBAH2IN  Catalytic domain

between narcolepsy and CD8+ T-cells is not clear.
Therefore, the discovery of these SNP suggests other
P2RY11 functions presently unknown [30]. The link
between narcolepsy and CD4+ T-cells is more clear
because CD4+ T-cells express a TCR recognizing HLA
class Il molecules such as HLA-DQB1*06:02.
Interestingly, polymorphisms have been found in genes
involved in CD4+ T-cells survival and proliferation.

The immunochip study previously described led to
the discovery of another SNP, rs7553711, strongly
associated with narcolepsy and located in the
enhancer of the Tumor Necrosis Factor Superfamily
Member 4 (TNFSF4) [13]. Other SNPs were found in
TNFSF4 but were weakly associated with narcolepsy.
Interestingly, these latest SNPs are strongly associated
with other autoimmune diseases, as systemic lupus
erythematosis or systemic sclerosis [33-35]. TNFSF4
is a membranous protein expressed by CD4+ T-cells
interacting with its ligand on APC plasmic membranes
(Figure 1) [3,13]". The interaction between TNFSF4
and its ligand is a coactivation signal for T-cells: it leads
to the survival and proliferation of effector T-cells and
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Figure 4. Localization of the three mutations in DNMT1 sequence (A) and their involvement in DNMT1-DNA interaction
A. DNMT1 is composed of five domains. The replication focus targeting sequence (RFTS) domain is a DNA-competitive
inhibitor for DNMT1 [44]. CXXC domain recognizes CpG sequences [38]. BAH1 and BAH2 domains are involved in protein-

protein interactions [38]. The catalytic domain is associated with the methyltransferase activity [37]". The three mutations have
been found in the exon 21 which is part of the RFTS domain [37]". The amino acids involved are well conserved across

vertebrates [37]™. B. These mutations are closed from each other in the 3D structure of DNMT1. Furthermore, they are also
closed from the catalytic domain of DNMT1. The substrate showed in this crystallographic reconstruction is S-adenosyl-L-

homocystein. (B. Adapted from [37]").
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generation of memory T-cells [13]™. Excessive quantity
of TNFSF4 leads to a disruption of tolerance [36]. The
molecular mechanisms of the link between destruction
of hypocretin neurons and TNFSF4 are unknown. The
actual hypothesis is that the polymorphism associated
with rs7553711 is likely involved in the over expression
of TNFSF4 because of the localization of rz7553711 in
the enhancer region. This over expression of TNFSF4
would promote the survival and the proliferation of
CD4+ T-cells [13]". Therefore, TNFS4 will indirectly
activate the immune response. Proliferation of T-cells is
extremely regulated by a sub-population of CD4+ T-
cells, regulatory T-cells. These regulatory T-cells have
an immunosuppressive effect preventing autoimmune
processes. Two genes expressed by regulatory T-cells
were found to be linked with narcolepsy.

The first one is DNMT1 and was discovered in five
narcoleptic patients with other disorders. This set of
disorders is called autosomal dominant cerebellar

ataxia, deafness and narcolepsy (ADCA-DN) [37]".
This form of narcolepsy is different from the sporadic
one, is rarer and appears in the adulthood. Exome
sequencing led to the identification of three different
mutations all found in the exon 21 of DNMT1 (Figure

4A) [37]". Sanger sequencing of narcoleptic patients
confirmed the presence of these mutations in DNMT1.

DNMT1 is a DNA methyltransferase involved in gene
silencing through CpG methylation and direct binding
of HDAC2 [38]. This enzyme is involved in the
differentiation of CD4+ T-cells into regulatory T-cells
[15]. The three mutations affect regions involved in the
interaction between DNMT1 and DNA or between
DNMT1 and HDAC2 (Figure 4B). Therefore, these
mutations could indirectly affect the differentiation of
CD4+ T-cells into regulatory T-cells.

The second gene associated with the
immunosuppressive activity of regulatory T-cells and
genetically involved in narcolepsy is Interleukine 10
Receptor B (IL10RB). Two novel SNPs, rs2834190 and
rs2409488, were found in the region of ILT0RB [28].
This genetic association between narcolepsy and
IL10RB was only found in one study therefore the
involvement of IL10Rp is still hypothetical. IL10Rp is
the B chain of the IL10 receptor, IL10 being an
immunosuppressive cytokine synthesized by regulatory
T-cells. Interestingly, IL10Rp is genetically associated
with Crohn disease and involved in inflammatory bowel
disease [39,40]. The mutation associated with these
SNPs, would probably alter the interaction between
IL10 and IL10R. Nevertheless, the association between
IL10RB and narcolepsy has not yet been confirmed
and there is no additional data on this SNP to confirm
the theoretical model.

Table 1. Summary of major polymorphisms in genes involved in immune response and associated with narcolepsy.

Gene

Localization Type and name of genetic Localization of the

Theoretical effect of

of the gene variant variant in the gene variant
genetic
, . . Alteration of the protein
Cathepsin H SNP: Region encoding for the
[13] g1 r$2289702 (Gly11Arg) peptide signal ey PESENISE (237
Allele: : . . .
HLA-DQB1 6p21.1-21.3 ) o Regions encoding for Increasing stability of HLA-
, pockets P4 an ypocretin complexes
[14,21] [14] ?}'{'SB?_SE kggg%(ﬁl)?;%@y, kets P4 and P9 [21] h i lexes [21]
SNP: Recombination of an affine
X . . . TCRa for HLA-
TCRa [25] 14q11.2 Rs12587781 (NC') Junction region and DQB1*06:02/HLA-
Rs1154155 (NC) constant region DQA1*01:02 peptide
Rs1263646 (NC) e pep
complex
SNP: Recombination of an affine
: TCRp for HLA-
TCRB.[28]  7q34 Egggjﬁ;gg émgg Variable region DQB1*06:02/HLA-
Rs3020837 (NC) DQA1*01:02 peptide
complex
SNP: . Decreased survival of
FERIY T IR Rs2305795 (NC) SR CD8+ T-cells, other effect?
SNP: Over survival / proliferation
=Sl epet Rs7553711 (NC) S EE of CD4+ T-cells
Mutation: Region encoding for the Alteration of DNMT1-DNA
DNMTT[37] 19p13.2 A570, G605V, V606F RFTS domain interaction
SNP: Alteration of IL10-IL10R
IL10RB [28] 21922.11 Rs2409488 5' region of the gene interaction
Rs2834190

. NC (non coding) indicates that the SNP is in a non coding region.
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Conclusion

The loss of hypocretin neurons in narcolepsy results
from a sequence of events. The overarching
susceptibility stems from the HLA-DQB1*06:02/ HLA-
DQA1*01:02 heterodimer, as nearly all cases are HLA-
DQB1*06:02 positive. Additional susceptibility is
associated with variant in genes involved in the
immune response such as T cell receptor alpha, T cell
receptor B and cathepsin H (Table 1). Nevertheless,
narcolepsy is not a purely Mendelian disorder as only
32% of monozygotic twins are concordant for this
disorder (6 out 19 twin pairs reported for this disease)
[41]. In this context, environmental factors as influenza
A and Streptococcus pyogenes infections or H1N1
vaccination are keys and could spur an autoimmune
process leading to the destruction of hypocretin
neurons.

Nevertheless, the autoreactive immune cells and the
molecular mimicry between hypocretin neurons
overexpressed proteins and H1N1 proteins are still
unknown. A key next step could be to use CD4+ T-cells
from patients and controls and to test their reactivity to
H1N1 peptides by enzyme-linked immunospot
(ELISpot). Then, viral peptides specifically activating
narcoleptic patients CD4+ T-cells could be in silico
aligned against hypocretin neurons-overexpressed
proteins in order to identify a possible mimicry. As
narcolepsy development was more associated with
2009 H1N1 pandemic than with seasonal flu strains, it
could be interesting to verify if these viral peptides are
2009 specific. Finally, these viral epitopes should also
be aligned against Strepfococcus pyogenes proteins as
the link between streptococcal infections and
narcolepsy remains controversial.
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