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Abstract

In recent years, a growing number of potential autoimmune disorders affecting neurons in the
central nervous system have been identified, including narcolepsy. Narcolepsy is a lifelong sleep
disorder characterized by excessive daytime sleepiness with irresistible sleep attacks, cataplexy
(sudden bilateral loss of muscle tone), hypnagogic hallucinations, and abnormalities of Rapid Eye
Movement sleep. Narcolepsy is generally a sporadic disorder and is caused by the loss of
hypocretin (orexin)-producing neurons in the hypothalamus region of the brain. Studies have
established that more than 90% of patients have a genetic association with HLA DQB1*06:02.
Genome-wide association analysis shows a strong association between narcolepsy and
polymorphisms in the TCRa locus and weaker associations within TNFSF4 (also called OX40L),
Cathepsin H and the P2RY11-DNMT1 (purinergic receptor subtype P2Y11 to DNMT1, a DNA
methytransferase) loci, suggesting an autoimmune basis. Mutations in DNMT1 have also been
reported to cause narcolepsy in association with a complex neurological syndrome, suggesting the
importance of DNA methylation in the pathology. More recently, narcolepsy was identified in
association with seasonal streptococcus, HIN1 infections and following AS03-adjuvanted pH1N1
influenza vaccination in Northern Europe. Potential immunological pathways responsible for the
loss of hypocretin producing neurons in these cases may be molecular mimicry or bystander
activation. Specific autoantibodies or T cells cross-reactive with hypocretin neurons have not yet
been identified, however, thus narcolepsy does not meet Witebsky’s criteria for an autoimmune
disease. As the brain is not an easily accessible organ, mechanisms of disease initiation and
progression remain a challenge to researchers.
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1. Introduction

Narcolepsy is a chronic debilitating sleep disorder that was first described in the late 19th
century and can be characterized by excessive daytime sleepiness, disrupted nocturnal sleep,
rapid eye movement (REM) sleep occurring at the onset of sleep, and cataplexy (a sudden
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progressive loss of skeletal muscle tone in response to strong emotional stimuli) [1-3]. The
presence of cataplexy is distinctively characteristic for narcolepsy and is defined by sudden
and transient episodes of bilateral loss of muscle tone of brief duration (less than 2 min),
often triggered by emotions — most reliably laughing or joking — with preserved
consciousness [4,5]. Sleep paralysis (an inability to move, most commonly upon awakening)
and hypnagogic hallucinations (dream-like events occurring at sleep onset) are also
frequently associated with the disease, though these symptoms are more variable [1,6]. The
pathophysiology of narcolepsy is closely related to abnormalities of REM sleep that are the
electrophysiologic signature of the syndrome [7,8]. Treatment of narcolepsy is usually
symptomatic and uses stimulants such as amphetamine and Modafinil, antidepressants such
as Venlafaxine and Clomipramine, and sodium oxybate, a strong sedative for overnight
sleep [9-13].

Over the last two decades, the understanding of the pathophysiology of narcolepsy has
increased greatly. Mainly based on the tight association of narcolepsy with a specific HLA
subtype (DQB1*06:02), many authors have postulated that the disorder may be autoimmune
in nature. In continuation of these HLA associations, recent data on disease onset in children
and its association with HLN1-infection and vaccination indicate that mechanisms such as
molecular mimicry or bystander activation could be essential contributors in the
development of narcolepsy. In this review, we will discuss data supporting an autoimmune
basis of narcolepsy.

1.1. Loss of hypocretin producing neurons

Hypocretin (orexin) neurons play a critical role in the regulation of sleep and wakefulness,
and disturbances of the hypocretin system have been directly linked to narcolepsy in animals
and humans [14-16]. Hypocretin is an excitatory neuropeptide hormone produced in the
hypothalamus region of the brain, functioning to promote wakefulness, food intake, and
energy expenditure [17-19]. Hypocretins 1 and 2, also called orexins A and B, are two
dorso-lateral hypothalamic neuropeptides that function by regulating sleepe —wake cycles,
food intake, and pleasure-seeking behavior [18]. Amongst the areas of the brain that the
neurons producing hypocretins project to are the locus coeruleus, tuberomammillary
nucleus, raphe nucleus, and ventral tegmental areas [20]. These areas contain
norepinephrine, histamine, serotonin, and dopamine containing neurons, respectively.
Deficiency of hypocretin likely leads to the malfunctioning of these systems and is
manifested in the form of abnormal REM sleep and excessive daytime sleepiness [21].
Hypocretin neurons also project to other areas of the hypothalamus, olfactory bulb, cerebral
cortex, thalamus, brainstem and even spinal cord [20,22]. The participation of these other
projections to the phenotype of narcolepsy is less studied but also likely.

In 1979, studies in Doberman Pinschers demonstrated that narcolepsy was inherited in a
single autosomal recessive pattern [23]. Genetic studies in canines later linked this
phenotype to a mutation in the hypocretin receptor 2 gene [24]. In 2000, Nishino and
coworkers presented some of the earliest reports of hypocretin deficiency in narcoleptic
patients with cataplexy. Their study showed that seven of nine patients having narcolepsy
with cataplexy had no detectable hypocretin in their CSF, however all of the controls had
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detectable hypocretin neuropeptides in their CSF [25]. After these initial findings, a
multitude of additional studies have supported a connection between the loss of hypocretin
neuropeptides and narcolepsy with cataplexy [26,27]. Interestingly, it was later found out
that, unlike in canines, hypocretin deficiency in humans diagnosed with narcolepsy with
cataplexy was not due to mutations in hypocretin system genes but rather a secondary loss of
hypocretin neurons in the dorso-lateral hypothalamus [26,27]. A study from Peyron et al.
found that only one HLA negative early onset narcoleptic patient had a hypocretin mutation
among 74 other patients (including many with early onset or atypical features) screened for
similar mutations [27]. Their group also reported the loss of hypocretin neurons in the brains
of six deceased patients with narcolepsy with cataplexy. Thannickal et al. later reported that
hypocretin neurons are reduced by 85%-95% in association with evidence of gliosis [26].
Another interesting observation is that the nearby melanin-concentrating hormone neurons
are found intact in narcolepsy with cataplexy brain tissues [28]. The very specific loss of
hypocretin producing neurons that result in the development of narcolepsy with cataplexy
indicates a potential autoimmune driven process.

1.2. Strong HLA association with narcolepsy

The MHC, also known in humans as the human leukocyte antigen (HLA) region, is one of
the most gene dense region of the human genome, encoding 252 expressed loci including
several key immune response genes [29]. The extent of linkage disequilibrium within the
region has proved to be challenging when trying to extract the exact location of etiological
variants [30,31]. Components of the HLA class 1l encoded HLA-DRB1-DQA1-DQB1
haplotype have been associated with several autoimmune diseases, including rheumatoid
arthritis, type 1 diabetes and Graves’ disease [32-36]. Antigen presentation and T cell
activation are important for triggering autoimmune responses, and the findings above have
prompted investigators to study many genes within HLA pathways for a potential
association with narcolepsy.

Narcolepsy is genetically characterized by a strong linkage to specific HLA alleles. A
genetic association of narcolepsy with HLA-DR2 and HLA-DQ1 in the major
histocompatibility (MHC) region was described more than 25 years ago [37]. Mignot et al.
discovered that HLA DQA1*01:02 and DQB1*06:02 are the primary candidate
susceptibility genes for narcolepsy in the HLA class Il region and reported that complex
HLA-DR and -DQ interactions contribute to the genetic predisposition to human narcolepsy
[38,39]. Additional studies established that more than 85% of patients diagnosed with
narcolepsy with cataplexy have HLA DQB1*06:02, often in combination with HLA DR2
(DRB1*1501), while only half of patients displaying atypical, mild, or narcolepsy without
cataplexy have HLA DQB1*06:02 [40]. Other HLA alleles affect the predisposition to
narcolepsy with cataplexy [41,42]. Interestingly, the occurrence of the HLA DQB*06:02
allele is not limited to narcolepsy with cataplexy, and is found in 12%—-38% of the general
population [43,44].

1.3. Non-HLA genes associated with narcolepsy

Although the majority of patients with the sporadic form of narcolepsy are HLA
DQB1*06:02 positive, there have been consistent reports of patients with defined
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narcolepsy-cataplexy, without the HLA DQB1*06:02 allele [41,45]. During studies of
multiplex families, it was found that more than one third of patients are negative for HLA
DQB1*06:02. These findings indicate that genetic predisposition to narcolepsy cannot not
be fully explained by HLA allele association, and that additional non-HLA gene components
contribute to the development of the disease in at least some cases [46-48].

More recently, through the use of genome-wide association (GWA) analysis in three ethnic
groups, researchers have found a strong association between narcolepsy (mostly sporadic
cases with DQB1*06:02) and polymorphisms in the TCRa (T-cell receptor alpha) locus
[49]. The TCR is a molecule expressed on the surface of T cells that plays an important role
in the recognition of antigens bound to HLA molecules [50]. These findings together with
the strong association with HLA DQA1*01:02 and DQB1*06:02, strongly suggest an
autoimmune basis in the development of narcolepsy may be through CD4+ T cells since
those are recognizing HLA-DQ.

Other loci are also involved. Kornum et al. reported GWA analyzes for narcolepsy in three
ethnic groups and identified an additional SNP in the 3’ untranslated region of P2RY11, the
purinergic receptor subtype P2Y11 gene [51]. In addition, analysis revealed that the P2RY11
receptor is highly expressed in cytotoxic CD8+ T lymphocytes, further complicating the
etiology of the cell types involved in the development of narcolepsy. Complementing this
observation, Winkelmann et al. observed that a dominant clinical phenotype that includes
narcolepsy with cataplexy, deafness, cerebellar ataxia, and dementia (ADCA-DN) that was
due to highly penetrant DNMT1 gene mutations [52]. As DNMT1 is located in extremely
close proximity to P2RY11 (within 30 kb), it is possible that the genetic association in
sporadic cases and the rare autosomal dominant ADCA-NC disease could be linked
somehow. DNMT1 is a DNA methytransferase that is highly expressed in immune system
cells, and hypomethylation has been shown to be involved in other autoimmune diseases
such as lupus. DNMT1 also plays an important role in differentiation of CD4+ T cellsinto T
regulatory cells by relieving repression of Foxp3 expression following TCR stimulation
[53]. A possibility would be that an absence of T regulatory cells with specificity toward
hypocretin neurons could result in autoimmunity. Complicating this picture however,
DNMT1 and DNA methylation is also important for neuronal survival and
neurodegeneration, so these loci could have effects on narcolepsy at multiple levels.

In a recently published study, Faraco et al. [54] used the Immunochip, an SNP chip designed
to further fine map various autoimmune disease loci, and found that variants in two
additional loci, Cathepsin H and Tumor necrosis factor super family member 4 (TNFSF4,
also called OX40L), attained genome-wide significance [54]. As these genes are important
for antigen processing and downstream T cell stimulatory effects, these findings further
implicate the process of antigen presentation by HLA Class II* APCs to T cells in the
pathophysiology of narcolepsy.

1.4. Humoral immunity and role of autoantibody in narcolepsy

The occurrence of autoantibody is an important feature of autoimmune diseases and one of
important factor for Witebsky’s defining criteria for an autoimmune disease [55].
Autoantibodies have been found in autoimmune diseases primarily affecting neurons in
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central nervous system [56]. Investigators have long searched for autoantibodies that would
cross the blood brain barrier and lead to the destruction of hypocretin-secreting neurons and
the subsequent development of narcolepsy. A report from Aran et al. showed elevated levels
of anti-Streptococcal antibodies in patients’ serum with recent onset of narcolepsy [57]. A
study in Japan of narcoleptic and idiopathic hypersomnia patients revealed altered levels of
IgG subclasses, indicating humoral immune alteration in narcolepsy and idiopathic
hypersomnia [58]. More recently, studies have been published that describe the detection of
autoantibodies against tribbles homologue 2 (TRIB2) in narcoleptic individuals. Cvetkovics
— Lopes et al. reported that a portion of narcolepsy subjects with recent disease onset carried
anti-TRIB2 autoantibodies [59]. Recently, while conducting quality receiver operating
characteristic curve (QROC) analysis, the Mignot group further determined that a cutoff
point of 2.3 years following cataplexy onset was a strong predictor for the presence of the
anti-TRIB2 autoantibodies [60]. However, TRIB2 is expressed in many other cell
components both in CNS and periphery including immune cells [61-63]. So it is more likely
that TRIB2 autoantibodies are not the causative factor for hypocretin-cell destruction but a
downstream effect of cell loss. Finally, recent studies, notably in post HIN1 2009 cases,
have not found TRIB2 autoantibodies, suggest possible heterogeneity in triggering factors
[64].

Many recent studies have also focused on the prepro-hypocretin, hypocretin or the
hypocretin system as direct targets of autoantibodies. Black et al. found no evidence for 1gG
reactivity to prepro-hypocretin or its cleavage products in CSF of DQB1*06:02-positive
narcoleptic patients [65,66]. These results suggest that the generation of autoantibodies
directed against prepro-hypocretin or its peptide cleavage products are unlikely to mediate
the development of narcolepsy. Similar results were generated by Tanaka et al. who
developed a sensitive radio-ligand assay to screen for antibodies directed against
hypocretin-1 and -2, and its two known hypocretin receptors [67]. Using a different
approach, Smith et al. transferred immunoglobulins from narcoleptic patients into mice and
then tested for contractile responses to the muscarinic agonist carbachol in the bladder. They
reported that the mice treated with patient 1gG showed a significantly increased response to
carbachol. However, this effect was indirect, as direct application of purified IgG on the
bladder preparation did not yield the same results. Furthermore, the authors reported
behavioral changes in the mice treated with patient immunoglobulins [68]. The mechanism
through which a putative antibody affecting peripheral cholinergic transmission could lead
to narcolepsy is unclear. Moreover, attempts to replicate these findings using different mice
strains and longer-term administration of narcolepsy sera or immunoglobulins have been
negative so far (unpublished data). Overall, we believe that extensive studies have not
provided conclusive evidence for a humoral-based immune response against the hypocretin
system in the development of narcolepsy.

1.5. HIN1 infection/vaccination and recent onset of narcolepsy

In recent years, research has focused on the potential role of 2009 pandemic HIN1 (pH1N1)
infections and vaccination in the onset of narcolepsy. Finnish investigators first suggested
the possibility that narcolepsy/hypocretin deficiency could be triggered by HIN1
vaccination. They reported that Pandemrix, an adjuvanted AS03 pandemic H1N1 vaccine
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used in Europe likely contributed to the onset of narcolepsy among those 4-19 years old
during the influenza pandemic of 2009-2010 [69]. Finnish reports also found a 12.7-fold
risk of narcolepsy in 4-19 year-old individuals within approximately 8 months after
Pandemrix vaccination as compared to unvaccinated individuals in the same age group [69].
Similar reports come from Sweden where around 200 cases of post-Pandemrix narcolepsy
have been reported to the Swedish Authority. More recently, the European Center for
Disease Control and Prevention (ECDC) and Vaccine Adverse Event Surveillance and
Communication Consortium (VAESCO) reviewed epidemiological data that suggested an
increase in narcoleptic diagnoses starting in 2008 [70]. The VAESCO report revealed that in
Sweden and Finland, caseecontrol studies showed association between AS03-adjuvanted
vaccine and an increased risk of narcolepsy in population aged 5-19 years [71]. Although no
increase in incidence of narcolepsy has been observed in Italy, the Netherlands, and the
United Kingdom, vaccine coverage was low in these countries (ECDC report 2012) [71].

Also implicating a connection between pH1N1 and the development of narcolepsy is a study
from China showing that narcoleptic onset in children is highly correlated with seasonal and
annual patterns of upper airway infections, including a large peak following the 2009-
2010H1N1 influenza pandemic [72]. It was also observed that the peak of diagnosed
narcoleptic individuals was 6 months following winter pH1N1 infections in 2009-2010, and
that the correlation was independent of HIN1 vaccination in the majority of individuals
[72]. Another recent study from Korea however found no increase in the number of
narcolepsy incident cases or incidence rates during the influenza A (HIN1)pdm0Q9
vaccination period in South Korea, although few cases were found [73]. Although not fully
conclusive, these findings strongly suggest an association between HIN1, Pandemrix and
the development of narcolepsy-cataplexy.

1.6. Possible mechanism underlying the association of HIN1 with narcolepsy

Narcolepsy, like other autoimmune diseases, is multifactorial. In addition to HLA and other
genetic associations, other factors including environmental ones must be involved. In some
earlier studies, T cells subsets (helper/cytotoxic) have been examined in narcolepsy patients,
and no major changes were found [74,75]. A possible mechanism that could be involved is
molecular mimicry involving cross-reactivity of HLIN1-specific T cells and hypocretin-
producing neurons. Cross-reactive CD4+ T cells that recognize both a foreign HIN1 epitope
and an epitope present on hypocretin-producing cells and presented by HLA-DQB1*06:02
by antigen presenting cells could however be involved with a major overall alteration of T
cell subsets (Fig. 1). The generation of a strong immune response mediated by the ASO3
adjuvant or additional cofactors such as streptococcus superantigens in the presence of
H1N1 infections could also be important; AS03 is known to induce strong immune
responses [76], while streptococcus superantigens generate polyclonal T cell responses. The
generation and activation of these cross-reactive T cells could result in additional responses
such as the local release of cytokines and chemokines that in turn recruits and activates other
immune cells mediating hypocretin neuron damage and loss (for example cytotoxic
CD8+cells or microglial cells). Antibody mediated dysregulation of hypocretin cells could
also be involved, although as mentioned above autoantibodies have never been clearly
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identified beside TRIB2 in a small subset of cases. It is also possible that hypocretin cells
may be unusually sensitive to some specific form of immune mediated cell killing.

1.7. Narcolepsy incidence in children

With some notable exceptions, such as celiac disease in infants and older children,
autoimmune diseases affect children more rarely. In recent years, however, the number of
children diagnosed with autoimmune disorders has been steadily climbing. It has also been
established that children below the age of 10 and the elderly above 65 age groups have
higher susceptibility to complications following seasonal infection, and a lower response to
vaccination. Currently there is a great interest in understanding the connection between the
2009-2010 H1N1 pandemic seasons and the sharp increase in narcoleptic cases, especially
in children. In China, the increased numbers of narcolepsy onset following the HIN1
influenza pandemic was reported in children [72]. The Scandinavian data also revealed that
children who received Pandemrix that were born between January 1991 and December 2005
had narcolepsy rates of nine per 100,000, compared with 0.7 per 100,000 for unvaccinated
children which is nearly 13 times higher [69]. No such increase was observed in adults,
suggesting that children were more susceptible to developing narcolepsy following HIN1
exposure. To complicate matters further however, narcolepsy manifests differently in
children versus adults, and the disease may be diagnosed later in older individuals whereas
in children, the diagnosis is often easy with the onset of disease being clear.

What could explain these differences is unclear. In children, the immune system has the
ability to respond to seasonal infections with a larger pool of naive CD4+ and CD8+ T cells
relative to adult that have a more mature and less plastic T-cell repertoire [77]. In addition,
children have been shown to react differently to HLIN1 infections both quantitatively and
qualitatively. The fact cases following pH1N1 are mostly children suggests that the naive T
cell pool and response in children is critical. The contribution of seasonal HIN1 or
streptococcus infections along with genetic susceptibility might establish a population of T
cells that are capable of recognizing self proteins which might be hypocretin related protein
in the case of children developing narcolepsy.

2. Conclusions

In recent years, a growing number of autoimmune disorders affecting neurons in the central
nervous system have been identified, although most are antibody mediated [78-80]. In
addition to the specific targeting of the neurons, links between pathogenic inflammation and
neuronal injury/cell death in models of CNS diseases such as Alzheimer’s disease,
Parkinson’s disease and multiple sclerosis is providing additional information. Regarding
narcolepsy, the disease does not meet Witebsky’s criteria but autoimmunity is extremely
likely based on circumstantial evidence. First, narcolepsy has a strong genetic association
with HLA DQB1*06:02 and a potential target for the autoimmune process, hypocretin cells.
Second, Genome-wide association analysis also shows association with TCRa, P2RY11-
DNMT1, CTSH and TNFSF4, consistent with an autoimmune basis. Finally, narcolepsy
seemed triggered by upper airway infections, consistent with the suspected role of infections
as a trigger of other autoimmune disorders. To understand narcolepsy, it will be important to
understand how the immune targets neurons such as hypocretin producing cells, a process
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that we believe more likely to be T-cell mediated. However, the complex nature of central
nervous system and the immune system presents unique challenges in finding a mechanism
for the cause of narcolepsy.
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Fig. 1.
Possible pathway for a role of HIN1 seasonal infection and Pandemrix vaccination in onset

of narcolepsy: the seasonal HIN1 influenza infection or the Pandemrix vaccine could
stimulate auto-reactive T-cells or B-cells targeting towards hypocretin producing neurons
via several different mechanisms. (i) Molecular mimicry of T-cells, it describes the
activation of cross-reactive T-cells that recognize the HIN1 epitope and then the same T-cell
(or a clone) migrates to the CNS, where it recognizes a antigen specific to hypocretin
producing neurons (cross-reactivity). Activation of cross-reactive T cells results in release of
cytokines and chemokines that recruits and activates macrophages, which mediates self-
tissue damage. The subsequent release of hypocretin self antigen and their uptake by APCs
perpetuate the autoimmune disease narcolepsy. (ii) HLN1 antigens or Pandemrix vaccine
may cross-link the MHC and TCR molecules independent of antigen specificity and
activates the cytotoxic T cells which are auto reactive and specific towards hypocretin
producing neurons. (iii) Molecular mimicry involving B-cells and antibody mediated disease
could also be involved, possibly targeting TRIB2 as a cross-reactive antigen. This process
requires signals from activated T-cells (T-cell help). Bystander activation of resting auto-
reactive B cells (iv) and T cells (v) as a result of general immune activation independent of
specific antigens. Current results in narcolepsy research point towards a T-cell mechanism.
APC: Antigen presenting cell; CNS: Central nervous system; HIN1: HIN1 influenza A
virus or epitopes from adjuvant vaccines; MHC: Major histocompatibility complex; TCR: T-
cell receptor; TRIB2: tribbles homologue 2.
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