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Narcolepsy type 1(NT1) is achronic disease characterized by excessive
daytime sleepiness and cataplexy. NT1 often strikes at a young age,
severely impairing quality of life, and is frequently underdiagnosed or
misdiagnosed. NT1is tightly linked to deficiency in the wake-promoting
and state-stabilizing hypocretin (HCRT) neuropeptides, which are
produced by a small group of hypothalamic neurons. Giveniits strong
association with the HLA-DQBI1*06:02 allele, NT1is widely assumed to
result from autoimmune destruction of HCRT neurons. However,
whether autoreactive immune responses represent a cause or a
consequence of the disease remains an open question, and immune-
mediated pathogenic mechanisms distinct from autoimmune cell
killing are being explored. The observation that genes highly expressed
in the hypothalamus, including HCRT, are epigenetically altered in
post-mortem brain tissue from patients with NT1 has led to an
alternative model whereby immune-triggered HCRT gene silencing,
rather than HCRT neuron degeneration, causes HCRT deficiency. In
this Perspective, we critically appraise the autoimmune and epigenetic
models and their therapeutic implications and consider whether they
canbereconciled.
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Perspective

Introduction

Narcolepsy type 1 (NT1) is a chronic neurological condition charac-
terized by disrupted vigilance state architecture and breakdown of
boundaries between waking and sleep states, resulting in excessive
daytime sleepiness and cataplexy (thatis, sudden loss of muscle tone
inresponseto strong emotions). Other symptoms, such as sleep-onset
REM periods, sleep paralysis, sleep-onset-associated or sleep-offset-
associated hallucinations and fragmented night-time sleep, are com-
moninNT1butarealso encountered in people without narcolepsy and
arenotincludedin theinternational diagnostic criteria'. NT1is alifelong
condition, typically emerging in childhood or young adulthood, that
substantially impairs academic and professional performance and
overall quality of life.

NT1 is attributed to deficiency of the wake-promoting and
state-stabilizing hypocretin (HCRT) neuropeptides (also known
as orexins), which are produced by a small neuronal population in
the hypothalamus? The disease is strongly associated with the
HLA-DQBI*06:02 allele?, and this HLA association, coupled with
HCRT deficiency, led the hypothesis of autoimmune destruction of
HCRT-producing neurons to dominate the medical and scientific
literature*’. However, despite fulfilling many criteria, NT1 does not
formally meet the classic definition of an autoimmune disease®’.
A fundamentally distinct pathogenetic model positing that epige-
netic silencing of the HCRT gene, rather than death of HCRT neurons,
causes HCRT deficiency in NT1 was recently proposed®. Resolution
of the two pathogenetic models has profound implications for the
development of disease-modifying therapies aiming at halting HCRT
neuron degeneration (in the autoimmune model) or reactivating HCRT
neurons (in the epigenetic model). In this Perspective, we critically
appraise the two models and discuss methodologies to resolve and
potentially reconcile them.

NT1and the hypothalamic HCRT system

The HCRT gene is expressed selectively in 50,000-80,000 cells of
the lateral hypothalamus in the human brain. It encodes a precursor
polypeptide that is proteolytically processed into two neuropep-
tides, HCRT1 (orexin A) and HCRT2 (orexin B)**°, which act via two G
protein-coupled receptors, HCRTR1(OX;R) and HCRTR2 (OX,R)", and
exhibit distinct neuroanatomical distributions and pharmacologi-
cal properties 2, The finding of HCRT transcript and HCRT1 peptide
deficiency in patients with NT1 at post-mortem? is arguably the most
important discovery in sleep medicine of the past 30 years. Low to
undetectable HCRT1 levels (below 110 pg ml™, or below one-third of
thelevelsin the general population™'*) in the cerebrospinal fluid (CSF)
currently represent the most reliable biomarker for NT1. A diagnosis of
NTl1requires the presence of cataplexy or HCRT1 deficiency.

The second most reliable biomarker for NT1is the HLA class Il
B-chain-encoding HLA-DQBI*06:02 allele: 95-98% of HCRT-deficient
patients with NT1 carry at least one copy of HLA-DQBI1*06:02°, and
homozygosity for this allele increases the relative risk of NT1”. How-
ever, HLA-DQBI1*06:021acks specificity for NT1, as 15-20% of the general
populationin many ethnic groups carry this allele.

Hypothalamic HCRT deficiency coupled with the HLA asso-
ciation led to the near-ubiquitous belief that NT1 results from
autoimmune-mediated killing of most of the HCRT neurons. In support
of this causal model, HCRT neuron ablation in mice recapitulates the
main NT1symptoms, including cataplexy, fragmentation of all three vigi-
lance states (wakefulness, non-REM sleep and REM sleep) and premature
REM sleep onset'®”, However, Hcrt gene knockout in mice'® produces a

largely similar phenotype, albeit somewhat milder (potentially owing to
developmental compensation), indicating that loss of HCRT signalling,
rather than neuronal loss per se, is the principal disease driver.

The HCRT system represents a pivotal CNS regulatory network
integrating energy homeostasis, motivational and socioemotional
behaviours, and autonomic and neuroendocrine functions. Con-
sistently, NT1 symptoms extend beyond sleep-wake disturbances,
encompassing metabolic, autonomic, cognitive and behavioural
dysregulation, and premature puberty in paediatric cases. Weight
gain (despite hypophagia), obesity and type 2 diabetes are strongly
associated with NT1 (ref. 1). Although HCRT pleiotropy could account
for this wealth of symptoms, extended hypothalamic dysfunction in
narcolepsy beyond HCRT has been suggested. Systematic post-mortem
examination of hypothalamic neuronsin five people with NT1and five
controlindividuals revealed an 88% reduction in corticotropin-releasing
hormone (CRH)-producing neurons in the paraventricular nucleus of
the hypothalamus (PVH) in the NT1group”. This reduction was highly
selective for CRH neurons in the PVH (termed CRH™" neurons), as
other neuronal PVH cell types and CRH-producing neurons in other
brain areas were unaffected.

The hypothalamus exhibits substantial neuronal heteroge-
neity, and HCRT neurons themselves encompass heterogeneous
subpopulations® that co-express additional neuropeptides, includ-
ingneuronal activity-regulated pentraxin (NARP; encoded by NPTX2)
and dynorphin (encoded by PDYN)***, In the healthy hypothalamus,
>80% of HCRT neurons co-express NPTX2 and PDYN transcripts, but
neurons expressing all three transcripts were found to be reduced by
90-95% in patients with NT1 (ref. 23). NARP immunoreactivity con-
sistently colocalized with HCRT in several hypothalamic regions in
control individuals, but NARP-positive neurons were reduced by 89%
in the corresponding fields in the brains of people with NT1 (ref. 24).
These findings can be interpreted either as the loss of HCRT neurons
or as the coordinated repression of multiple neuropeptides within
surviving HCRT cells.

In summary, two other neuropeptides expressed by HCRT neu-
rons, NARP and dynorphin, and at least one neuropeptide expressed
by another hypothalamic cell type, CRH, arelackingin people with NT1.
The contribution of these non-HCRT neuropeptides to NT1symptoms
is unknown. The discovery that NT1is not merely a hypocretinergic
neuronal disease but also affects CRH™" neurons, and potentially
additional hypothalamic neuronal types, has profound implications
for elucidating the pathogenetic mechanisms.

Undisputed link between NT1and the
immune system
Genetic studies using candidate gene or genome-wide association
approaches strongly support animmune basis for NT1. Of particu-
lar note, NT1 risk is associated with the HLA class Il HLA-DQBI*06:02
allele across ethnic groups, with an odds ratio (OR) of >200. Weaker
associations with the HLA class1alleles HLA-A*11:01 (OR1.35-1.49) and
HLA-B*35:01 (OR 1.31-1.46) were also identified”*. Moreover, NT1 is
associated with polymorphismsin the T cell antigen receptor loci TRA
and TRB*. These data suggest involvement of both CD4" and CD8"
Tcellsin NT1pathogenesis. Additionalimmune-related NT1suscepti-
bility genesinclude TNFSF4, PRF1,IFNARI and CD207. The mechanisms
whereby these immune-related genetic variants contribute to NT1
development remain unresolved**.

Consistent with an immune basis, immunological environ-
mental factors have been found to trigger NT1 development.
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An HLA-DQBI*06:02" patient with uterine cancer developed NT12
weeks after anti-PD1immune checkpoint inhibitor therapy?. In addi-
tion, during the 2009-2010 HIN1 influenza pandemic, the incidence
of NTlincreased 5-fold to 14-fold in children and adolescents and
2-fold to 7-fold in adults following vaccination with the ASO3-adju-
vanted Pandemrix preparation, mostly within the first 6 months after
vaccination?®. This adverse reaction to Pandemrix developed exclu-
sively in HLA-DQBI1*06:02" individuals, and no other immune-related
conditions besides NT1were reported”. Mice engineered to express
theinfluenza haemagglutinin proteinin HCRT neurons and to host ele-
vated numbers of haemagglutinin-specific T cells developed NT1-like
pathology after Pandemrix vaccination®’. Moreover, Pandemrix vac-
cinationinadolescent miceinduced a 60% reductionin hypothalamic
Hcrt transcript levels through a mechanism apparently independent
of local inflammation®. Importantly, not all ASO3-adjuvanted vac-
cines triggered NT1*>*?, Together, these findings support amultiple-hit
hypothesis, whereby multiple insults to the HCRT system, one of which
could be Pandemrix, contribute to NT1development.

Of note, increased NT1incidence during the HIN1 pandemic was
also observed in countries where Pandemrix was not administered,
suggesting thatinfluenzavirusinfectionisitselfatrigger®. Other upper
respiratory tract infections could have a similar effect; for example,
elevated anti-streptococcal antibody levels were found in the serum
of people with recent-onset NT1**%,

Proteomic and transcriptomic analyses of blood and CSF from
people with NT1*”* identified immune alterations, such as altered
cytokine levels, in CSF samples from individuals with recent-onset
disease, includingincreasedIL-4,IL-8 and CCL3 and reduced IL-6 levels
in some*** but not all*** studies; complement system activation*’;
and elevated levels of circulating extracellular mitochondrial — but
not nuclear — DNA*®. Increased expression of two genes homologous
to the humanin gene, which has neuroprotective and anti-apoptotic
effects, was reported in CSF T cells from patients with NT1 (ref. 47).
Discrepancies across CSF studies might stem from differencesin com-
parator populations, or the limited sample sizes of most studies, given
the challenge of sampling early in the disease course.

The paucity of recent-onset NT1 post-mortem tissue also hampers
identification of tissue-damaging mechanisms. In the hypothalamic
region where HCRT neurons normally reside, an approximately 11-fold
increasein CD4* —butnot CD8* — T cells was reported in four patients
with long-standing NT1 compared with five controls without neuro-
logical disease*®. Interestingly, some CD4* T cells expressed markers
of tissue-resident memory T cells, a subset that is associated with
pathogenicity in neuroinflammatory disease*’. Overall, the weight of
evidence strongly favours a primary role forimmune mechanisms in
NT1development.

The autoimmune hypothesis of NT1
Current knowledge
Autoimmune diseases are defined by a deleterious adaptive immune
reaction involving B cells, antibodies and/or T cells that target
self-antigens, and most are associated with specific HLA alleles. Fol-
lowing the discovery in the 1980s that NT1is associated with an HLA
class Il allele®®*', an autoimmune basis for NT1 was proposed (Fig. 1).
Importantly, however, HLA polymorphisms can also influence sus-
ceptibility to non-autoimmune diseases, such as infectious diseases™.
Unlike conditions such as myasthenia gravis and neuromyelitis
opticaspectrumdisorder, NT1fails to fulfil key criteria for autoimmun-
ity (Table1). Although circumstantial clinical evidence, identification

of hypothalamicinflammation and animal models offer support for an
autoimmune basis, thelack of direct evidence, such as disease transfer
viaantibody or lymphocytes, and our currentinability to reproducibly
detect autoantibodies in patients with NT1 weaken the autoimmune
hypothesis*”.

Inrecent years, substantial progress has been made in detecting
autoreactive T cells and target antigens in people with NT1. Advances
in high-sensitivity immunological profiling revealed enrichment of
autoreactive T cells directed against HCRT neuronal antigens such
as HCRT and TRIB2 in people with this condition***, although these
Tcells are also detectable in some HLA-DQBI*06:02-matched healthy
controls. Inaddition, in vitro stimulation assays in blood from patients
with NT1haveidentified memory CD4* T cells that recognize multiple
HCRT-derived peptides. These HCRT-reactive CD4' T cells are mostly of
the T helper1functional subtype, which are characterized by produc-
tion of IFNy and granulocyte-macrophage colony-stimulating factor.
Atthe mRNA level, HCRT-reactive CD4" T cells harbour cytotoxic poten-
tial, asindicated by elevated expression of the genes encoding perforin
and granzyme B. Using HLA-blocking antibodies, HCRT-reactive CD4"
T cells were found to be predominantly restricted by HLA-DR rather
than HLA-DQ molecules, whichis puzzling given that HLA-DQB1*06:02
isthe main susceptibility gene for NT1 (refs. 53,54).

HCRT-reactive CD4" T cells were also detected in a subset of
patients with NT1who lacked the HLA-DQBI1*06:02 allele*, indicating
that autoreactive CD4* T cell responses targeting HCRT-related anti-
gens can arise in diverse HLA class Il contexts. Another study found
that, compared with HLA-DQBI1*06:02-matched healthy controls, peo-
plewith NT1exhibited significantly higher numbers of circulating CD4*
T cells that were reactive to a post-translationally modified form of
HCRT>. Increased frequencies of T cells recognizing other proteins that
show enrichmentin HCRT neurons, including O-mannosyl-transferase 1
and the transcription factors LHX9 and RFX4°°*% were also reported in
peoplewith NT1. Whether these autoreactive T cells have a pathogenic
role or are aconsequence of tissue damage and whether autoreactive
T cells detected in healthy individuals differ functionally from those
present (inlarger numbers) in patients with NT1are major unresolved
issues.

Reinforcing the autoimmune hypothesis

The currentlack of conclusive evidence for the autoimmune hypoth-
esis of NT1(Fig. 1) could result from the scarcity of well-powered stud-
iesinthis area. Technical challenges, including difficulty in obtaining
tissue samples close to disease onset and in detecting autoreactive
T cellsin tissues, also contribute to the current uncertainty. In addi-
tion, the autoimmune attack could be a ‘hit-and-run’ event that is
no longer detectable years after disease onset. Moreover, autoim-
mune targeting of neurons could cause functional alterations rather
than cell death®.

Futureinvestigations should take advantage of recent technologi-
caladvancesin high-throughputimmune profiling, single-cell sequenc-
ing and antigen discovery platforms to search for patient-enriched
autoantibodies and/or autoreactive T cell populations. New
insights might be gained by systematically profiling serum and CSF
from patients with NT1 against the human autoantigenome using
phage-displayimmunoprecipitation and full-length protein microar-
rays. Several highly sensitive methodologies to detect autoreactive
T cells are now available. First, individual or multiple DNA-barcoded
HLA-peptide multimers can be used to detect ex vivo autoreactive
T cells based on their T cell antigen receptor specificity**°°. However,
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Fig.1| The autoimmune hypothesis of narcolepsy type 1. In genetically
predisposed individuals (most notably, carrying the HLA-DQBI1*06:02 allele),
environmental factors, such as viral infection or Pandemrix vaccination, elicit
activation and expansion of autoreactive CD4" and CD8' T cellsin secondary
lymphoid organsin the periphery. In this hypothetical model, the activated
phenotype of these autoreactive CD4" and CD8" T cells allows them to

migrate across brain barriers and access the lateral hypothalamus where the
approximately 70,000 hypocretin (HCRT)-producing neurons reside. Crosstalk

Lateral hyp‘othalamus Cerebros;‘)inal fluid
between antigen-presenting cells, CD4" T cellsand CD8" T cells (and possibly
B cells) leads to the selective destruction of HCRT neurons, although the
respective contribution of each immune cell type remains unclear. The neuronal
loss, inturn, leads to a decrease in HCRT levels in the cerebrospinal fluid. As
destruction of the HCRT neurons results in the release of neuronal autoantigens,
which could reach brain-draining lymph nodes, a vicious circle fuelling the
pathogenic autoimmune response could ensue.

this approach requires knowledge of the participants’ HLA types and
of candidate autoantigen-derived peptides. Second, autoantigen
activation-based approaches have been developed that detect auto-
reactive T cellsbased on their ability to upregulate activation-induced
surface molecules (such as CD40L)* or to proliferate following
in vitro exposure to candidate autoantigens®’. Last, advances in lym-
phocyte receptor sequencing and epitope identification®>** could
provide new insights into the role of autoimmunity in NT1 (reviewed
comprehensively elsewhere®*).

The main challenge when testing the autoimmune hypothesis
(Fig.1) isto establish causality, thatis, whether patient-enriched autore-
activeresponses contribute to or represent aninnocuous consequence
of HCRT neuron degeneration. Further histopathological studies, close
to disease onset whenever possible, should assess and characterize
the inflammatory process within the hypothalamus using multiplex
approaches and spatial transcriptomics. To disentangle primary auto-
immune drivers from secondary immune epiphenomena, we require
longitudinal mechanistic studies that monitor the functional features
and dynamics of autoreactive B cell and T cell responses across the
disease course, the ability to identify and characterize autoreactive
lymphocytes within the hypothalamus (through integrated antigen
receptor profiling and transcriptome analysis at the single-cell level),
and animal models that can test the pathogenic potential of autoan-
tibodies and autoreactive T cells (through intraventricular injections
and humanized transgenic mice, respectively)*’.

The epigenetic hypothesis of NT1

Currentknowledge

Inthe year 2000, HCRT deficiency in people with NT1was revealed by
radioimmunoassay of CSF samples and staining of post-mortem hypo-
thalamicsections for the HCRT transcript>. Both methods detect HCRT
expression in the form of protein or mRNA rather than the presence
of HCRT neurons per se. As mentioned above, the HCRT transcript is
translated into a precursor protein thatis processed into two peptides,
HCRT1and HCRT2. Note that, owing to alack of HCRT2-selective detec-
tion methods, HCRT2 deficiency has not beenreported in people with
NT1at present. HCRT deficiency might stem from death of HCRT neu-
rons or merely from loss of expression of their eponymous cell marker.
Until recently, the latter possibility was rarely considered because
of indirect evidence supporting autoimmunity, as described above
(Table 1). In contrast to a complete loss of HCRT mRNA expression?,
anti-HCRT antibody-based immunohistochemical detectionindicated
approximately 90% signalloss®. HCRT deficiency detected in the CSF
by radioimmunoassay is more complex. Whether levels below 110 pg
ml™ represent an NT1-defining marker has been questioned, and a
cut-off value of 150 pg ml™ has been proposed®®. Intermediate levels
(110-200 pg ml™) have been detected in people with and without NT1.
Twosstudies publishedin2025indicate that radioimmunoassay does not
detect full-length HCRT1 but most probably detects a non-functional
processed fragment of unclear relevance®”*®. These data underscore
the need for anindependent marker of HCRT neuronal identity.

Nature Reviews Neurology | Volume 22 | August 2026 | 519-531

522


http://www.nature.com/nrneurol

Perspective

Several studies have sought to identify an HCRT neuron-specific
co-expressed gene product that could represent the target of an auto-
immune attack. One study identified anti-Tribbles homologue 2 (TR/IB2)
as an HCRT neuron co-expressed gene and reported the presence of
anti-TRIB2 antibodies in patients with NT1 — a finding that was con-
firmed in two independent reports®”". However, none of the genes
co-expressed with HCRT that have been detected at present, including
PDYN, NPTX2* and TRIB2, are HCRT neuron specific.

RNA sequencing of differentbrain structures from Hcrt gene knock-
out and HCRT neuron-ablated mice, followed by comparison of the
respective gene sets, led to the discovery that, when HCRT neurons are
destroyed, the hypothalamic orexigenic neuropeptide QRFPis lost from
the hypothalamus, butits levels are unchanged or evenincrease when
only the Hcrtgeneis deleted®””. Remarkably, similar to Hcr¢ gene knock-
out mice, QRFPexpression was found to be preserved in post-mortem
hypothalamic tissue from patients with NT1,and CSF QRFP levels were
significantly increased in patients with this condition®. These unex-
pected results support the hypothesis that HCRT cells are present in
the brains of patients with NT1but fail to express HCRT neuropeptides.

HCRT deficiency is not distinct to NT1; it also occurs in other
conditions, including secondary narcolepsy (coinciding with head
trauma, vascular stroke, brain tumour or inflammatory diseases such
as multiple sclerosis (MS) or anti-Ma2 encephalitis) and Kleine-Levin

syndrome, and in most of these cases, it is reversible’>”*. Moreover,
repeated CSF HCRT1 measurements in 33 patients with NT1 revealed
persistent or transient normalization in 3 of these individuals™’. These
dataindicate that HCRT gene expression can be finely tunedin response
toenvironmental changes and that HCRT deficiency is not necessarily
attributable toirreversible HCRT neuron death.

The tunability of HCRT neuronsisillustrated by the fact that both
humanand mouse HCRT gene transcription, as well as neuronal firing
rates, increase under hypoglycaemic” and fasting conditions”°,
Most intriguing is the observation in both rodents and humans of a
pronounced increase in HCRT neuron numbers and HCRT produc-
tionunder exposure to drugs of abuse such as opiates and cocaine®"*
(discussed in more detail below).

Despite compelling evidence supporting the responsiveness of
the HCRT gene to multiple inner and external cues, how the gene is
regulated remains underexplored. We advanced the hypothesis that
HCRT deficiency in NT1 could be exerted at the transcriptional level
through disease-specific HCRT epigenetic modifications. We and others
previously showed that HCRT neuron fate determination and differen-
tiationin culture are modulated by exposure to epigenetic agents such
as N-acetylmannosamine and ascorbic acid (vitamin C)">%,

We showed that the promoters of both human and mouse HCRT
genes contain CpG islandsthat canserve astargets of DNA methylation,

Table 1| Evidence for autoimmunity in four neurological diseases

Type of evidence Disease

Myastheniagravis Neuromyelitis optica Paraneoplastic cerebellar Narcolepsy type 1

spectrum disorder degeneration

Direct evidence for autoimmunity
Transfer of disease by transplacental IgG transfer from Yes'?"108 No'%® No No
pregnant mother to child
Transfer of disease to experimental animals using Yes'*® Yes'" No™ No
autoantibodies from patients
Transfer of disease using lymphocytes from patients No No No No
Indirect evidence for autoimmunity
Spontaneous autoimmune animal model Yes' No No No
Induction of disease in animals on immunization with Yes'™ Yes''+116 Yes (in engineered Yes (in engineered
autoantigen(s) mouse model)"’ mouse model)
Detection of autoreactive lymphocytes and/or Likely"® No No No
autoantibodies in the target organ of the patient
Increased autoantibody levels and/or autoreactive Tcell ~ Yes"%'%° Yes Yes'121122 Yes
frequency in bodily fluids (blood, cerebrospinal fluid)
from patients
Circumstantial evidence for autoimmunity
Association with other autoimmune disease Yes"™ Yes'” No Likely™
Association with a particular HLA allele Yes"® Yes'” Yes™ Yes
Association with other gene variants associated with Yes'” Yes'?® No Yes
autoimmune diseases
Detection of lymphocytes and/or antibodies of unknown  Yes"™ Yes'’ Yes™ Yes?®
antigenic specificity in the target organ
Disease induction following immune checkpoint blocker  Yes'”*'*® Yes'?91%0 Yes'?9¥! Yes
therapy against cancer
Favourable response to immunotherapy Yes"® Yes'®? Yes (case reports) No

Myasthenia gravis is a paradigmatic antibody-mediated autoimmune disease, neuromyelitis optica spectrum disorder is an autoimmune disease mediated by antibodies against aquaporin 4,
and paraneoplastic cerebellar degeneration is a putative autoimmune disease elicited by tumours, in which CD8" T cells have emerged as probable effectors of tissue damage.
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leading to transcriptional repression. Post-mortem analysis of
hypothalamic tissue revealed hypermethylation of a specific HCRT
gene promoter CpG dinucleotide within a key transcription factor
DNA-bindingsite®. The PDYNand CRHgene promoters also showed DNA
hypermethylation®and, remarkably, CRH""" neuron counts decreased
to the same extent (88%) as HCRT neuron counts in patients with NT1
(ref.19). HCRT and CRH™ neurons are two cell types that share neither
neuroanatomical distribution nor lineage origin. Concomitant defi-
ciency of two highly distinct neuron types seems difficult to reconcile
with anautoimmune model. Ifan anti-HCRT neuron autoimmune pro-
cessoccursinNTL, it would have to coexist with autoimmunity against
CRH-producing neurons or to target self-antigens shared by the two
distinct neuronal populations®.

Reinforcing the epigenetic hypothesis

Further studies are warranted to explore whether HCRT loss precedes
or results from HCRT neuron loss in NT1. Such studies might reveal
anintermediary step, potentially epigenetically driven, when HCRT
neurons are functionally impaired rather than destroyed. Obstacles to
testing this hypothesisinclude the scarcity of reliable HCRT neuronal
markers and the difficulty of obtaining tissue samples from patients
withrecent-onset NT1.

A promisingbut still putative candidate biomarker for HCRT neu-
ronsis QRFP. The QRFPgeneis reported to be co-expressed with HCRT,
butits promoter is not silenced in patients with NT1 (ref. 8). However,
the degree of co-expression of QRFP with HCRT is uncertain in mice
and unknown in humans. Validation of the QRFP peptide as a defini-
tive marker of HCRT-producing neurons is, therefore, a high priority.
Furthermore, the uncoupling of HCRT and QRFP expressionin patients
with NT1remains to be replicated.

Reversibility is a requirement — and its observation is key sup-
porting evidence — for the epigenetic hypothesis. Reversibility can
be tested in two ways: a descriptive (or correlational) approach and
an interventional approach. In the former approach, to substanti-
ate evidence of NT1reversal, CSF HCRT1 levels should be monitored
longitudinally throughout the disease course to determine whether

Box 1| From research to real-world benefits

HCRTI1 deficiency fluctuates and is reversible (Box 1). The latter
approach involves testing epigenetic modifiers for their ability to
upregulate CSF HCRT1 levels. DNA-demethylating agents are used in
the context of cancer toreactivate silenced tumour suppressor genes.
However, because these agents act by inhibiting the maintenance
DNA methyltransferase DNMTI, their activity is dependent on DNA
replication during cell division. Owing to their postmitotic nature,
HCRT neurons are not expected to respond to DNMT inhibitors. An
active DNA replication-independent pathway for DNA demethyla-
tion involves ten-eleven translocation (TET) enzymes®* (Fig. 2). Few
TET enzyme-activating compounds are known, but hydralazine®,
ascorbic acid and niclosamide ethanolamine were reported to have
TET-dependent DNA demethylating activity®.

As generic DNA-demethylating agents might act on multiple tar-
gets, a promising research avenue resides in CRISPR-dCas9-TET1-
based epigenetic editing to achieve site-specific DNA demethylation.
These approaches have already been successfully tested in mice®
and, together with other emerging epigenetic editing tools, could
revolutionize DNA methylation studies and future applications. f DNA
demethylating strategies are successful at reactivating the HCRT gene,
they will support the epigenetic model and foster development of the
first NT1 disease-modifying therapies.

Bridging autoimmune and epigenetic mechanisms
Epigenetics in neurological disease

Strong evidence of epigenetic regulation has been found in various
neurological diseases, including the neurodevelopmental Rett, fragile
Xand Prader-Willisyndromes, as well as in brain ageing® (Table 2).In
such conditions, epigenetics represent a regulatory layer that influ-
ences disease risk and progression and gene expression, but the epi-
genetic mechanisms and target genes that are primarily involved are
often unknown.

Narcolepsy and MS share features that could provide insightinto
disease mechanisms. Both diseases are immune triggered and share
the same HLA susceptibility haplotype and T cell infiltration within
the CNS****%°_ Hypermethylation and repression of genes that are

Clinical research

To overcome the major challenge of sampling patients with
narcolepsy type 1(NT1) close to disease onset, cerebrospinal fluid
(CSF) samples could be prospectively collected in a standardized
manner across expert sleep centres. This approach should facilitate
adequately powered studies to monitor the temporal dynamics of
CSF hypocretin 1 (HCRT1) levels across the patient’s clinical history.

Repeated CSF sampling is warranted to further document
whether HCRT1 deficiency is reversible — an observation that
would reinforce the existence of an epigenetic component to the
disease. Re-evaluation of CSF HCRT1 levels, notably when a patient’s
symptoms change, could help us to detect reversal of HCRT1
deficiency.

Brain MRI should also be implemented to explore broad changes
that occur in people with NT1. A post-mortem study reported an
average 44% loss of tyrosine hydroxylase-expressing noradrenergic
neurons from the brainstem locus coeruleus (NA™ neurons) in

11 people with NT1 compared with 5 control individuals'*. However,

noradrenergic neurons were intact in Hert knockout or HCRT-cell-
ablated mice'®, suggesting that NA'® neuron loss was not a
consequence of HCRT loss. The vast majority of NA® neurons are
also neuromelanin positive and, hence, can be detected by MRI.
Neuromelanin-sensitive MRI could allow us to non-invasively assess
the temporal dynamics of NA'® neuron loss in NT1.

Preclinical research

In cell-based systems and preclinical mouse models harbouring
methylation of the HCRT gene, DNA-demethylating agents could

be used to assess HCRT re-activation and establish proof of
concept for epigenetic regulation. If NT1 reversal by HCRT promoter
demethylation can be demonstrated in mouse models, this could
pave the way to drug screens, especially of ten-eleven translocation
enzyme activators and affiliated compounds, which could aid the
identification of disease-modifying therapies for NT1.
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Fig.2| The epigenetic hypothesis of narcolepsy type 1. A peripheral or central
inflammatory reaction triggers increased cytokine secretion by activated
innate immune cells (most notably, brain microglia) and T cells, which induces
de novo DNA methylation of selected gene promoters in hypothalamic neurons.
De novo DNA methylation is mediated by DNA methyltransferases 3A and 3B
(DNMT3A and DNMT3B). Methylated genes can be spontaneously demethylated
or demethylated using inhibitors of the maintenance DNMT (DNMT1), such

as 5-azacytidine (5-azaC), in dividing cells, as used in the treatment of some
cancers. However, DNMT1inhibitors exert their effects by incorporating into
DNA and preventing methylation of the nascent strand during DNA replication
and therefore cannot be used in non-dividing cells such as postmitotic

neurons. Inadult brain cells, methylated CpG sites can be recognized by
ten-eleven translocation (TET) enzymes, which oxidize 5-methylcystosine

(5mC) into 5-hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC). Modified cytosine residues (5fC and 5caC) are then
removed by base excision repair (thymine DNA glycosylase (TDG)) and replaced
by cytosine (C). TET enzyme activators can be recruited to demethylate gene
promoters that have been repressed by pathological methylation, as reported for
the hypocretin (HCRT), dynorphin (PDYN) and corticotropin-releasing hormone
(CRH) genes in the hypothalamus of patients with narcolepsy type 1 (NT1).
SAM, S-adenosylmethionine.
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Table 2 | Epigenetically regulated neurological diseases and potential epigenetic therapies

Disease Genetics Target genes Tissue Epigenetic mechanism Potential epigenetic therapies Ref.
Narcolepsy type 1 Complex HCRT, PDYN, CRH  Hypothalamus  DNA hypermethylation None 8
Rett syndrome X-linked MECP2, CDKL5, Brain, blood Transcription repression  5-Azacytidine 133
FOXG1 or activation 5-azadeoxycytidine
Immunodeficiency- Autosomal recessive = DNMT3B, ZBTB24, Blood DNA hypomethylation None 134
centromeric instability- CDCA7, HELLS
facial dysmorphism
(ICF) syndrome
Huntington disease Autosomal dominant ~ HTT Brain, blood DNA hypermethylation 5-Azacytidine, 5-azadeoxycytidine, 135
CRISPR-Cas9 gene editing
Multiple sclerosis Complex HLA-DRB1, TET2, Brain, blood DNA methylation 5-Azacytidine, 5-azadeoxycytidine 136
FOXP3, ATXNT1,
RP11-326C3-13,
TNFSF14, DYSF,
ZNF638
Amyotrophic lateral Autosomal dominant  C9orf72, SODI1, Brain, blood DNA methylation RG108, procainamide 134
sclerosis or sporadic FUS, TARDBP,
OGGT, APEX1,
PNKP, APTX
Alzheimer disease Autosomal dominant  APP, SIRT1, ANK1,  Brain, blood DNA methylation 5-Azacytidine, 5-azadeoxycytidine 137
or complex RPL13, RHBDF2,
CDH23
Parkinson disease Autosomal dominant ~ SNCA, TMCC2, Brain, blood DNA methylation HDAC and DNA methyltransferase 138
or complex SLC7A11, HOTAIR, inhibitors, resveratrol
VGLUT2, PARK7,
PTPRN2, NR4A2
Alpha thalassemia X-linked ATRX Brain, blood DNA hypomethylation 5-Aminolevulinic acid 139
X-linked intellectual
disability syndrome
Fragile X syndrome X-linked FMR1 Brain, blood DNA hypermethylation 5-Azacytidine, 5-azadeoxycytidine 140
CRISPR-Cas9 gene editing
Angelman syndrome Imprinted UBE3A Blood, brainin  Transcription repression  Antisense oligonucleotides, 141
animal model CRISPR-Cas9 gene editing
Prader-Willi syndrome  Imprinted Chromosome Brain, blood Transcription repression ~ MS152, CRISPR-Cas9 gene editing 141
15911-913
Rubinstein-Taybi Autosomal dominant ~ CREBBP, EP300 Blood, induced Histone acetylation HDAC inhibitors 134
syndrome or de novo mutations pluripotent
stem cells
Epilepsies Complex RELN, NEUROD2,  Brain, blood DNA methylation HDAC inhibitors, adenosine, 142
MECP2, SCN1A, non-coding RNAs
SCN2A
Schizophrenia Complex SBNO2, DOC2B, Brain, blood DNA methylation Vorinostat, valproic acid 143
GADG67, SETDBI1,
RELN
Major depressive Complex MECP2, BDNF, Brain, blood DNA methylation HDAC inhibitors 144
disorder CRH, GDNF, GR

HDAC, histone deacetylase.

important for oligodendrocyte survival were reported in the brains
of people with MS”, and hypermethylation and repression of hypo-
thalamic genes were reported in the brains of people with NT1 (ref. 8).
Asmall epigenome-wide association study of the lateral hypothalamus
in four patients with NT1and four control individuals®* identified dif-
ferentially methylated CpGs in loci associated with myelinogenesis
(MBP and FYN) in the patients, suggesting that surviving cells in the
lateral hypothalamus have disease-specific methylation patterns.
Furthermore, the data indicated that differentially methylated CpGs
overlap substantially in NT1 and MS®. These findings are consistent

with a hypothesis whereby immune-mediated neuroinflammatory
events trigger epigenetic changes in NT1and MS.

Inflammation and CNS-resident cell epigenetics

Inflammatory signals have been shown to imprint epigenetic pro-
grammes in resident cells of the affected tissue — a process termed
‘epigeneticinflammatory memory’” or, ifinnate immune cells are tar-
geted, ‘trained immunity’®*. Persistence of this reprogrammed state,
particularly in CNS-resident glial or neuronal cells that exhibit extended
lifespans and low or no turnover, alters the response of the cells to
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Glossary

Adaptive motivational
regulation

A mechanism in the brain for
fine-tuning motivation to be
contextually appropriate, thereby
meeting environmental demands.
Hypocretin (HCRT) neurons
contribute to transforming
motivational signals (for example,
hunger, stress or reward cues)

into adaptive behaviour, such as
pursuing rewards or avoiding threats.
The plasticity of the HCRT system
involves dynamic shifts in HCRT
peptide production and a reserve’
pool of neurons that can be recruited
to raise motivational drive, for
example, promoting food-seeking
behaviour when hungry. It can also be
hijacked in maladaptive behavioural
contexts, such as drug addiction,
when increased HCRT neuronal
count might lead to excessive drive
for drugs.

Corticotropin-releasing
hormone

(CRH). A 41 amino acid peptide
thatisinvolved in stress responses
and is produced by neurons in

the paraventricular nucleus of the
hypothalamus, as well as in other brain
regions.

CpGislands

CpG dinucleotide-rich DNA fragments,
typically located in gene promoter
regions, that have crucial roles in
regulating gene expression. CpG
islands are usually unmethylated

in housekeeping (active) genes.
Cell-specific genes often lack

CpG islands, but if they are present
(such asinthe HCRT, CRH and

PDYN genes), they are frequently
methylated in non-expressing cells and
hypomethylated in expressing cells.

DNA methyltransferase

DNA methyltransferases (DNMTs) are
afamily of enzymes that catalyse the
addition of methyl groups to DNA, often
at CpG residues. DNMT1 maintains
methylation patterns during DNA
replication in dividing cells, whereas
DNMT3A and DNMT3B establish de
novo methylation marks. Aberrant
DNMT activity is linked to diseases such
as cancer, in which tumour suppressor
genes can be silenced by DNA
hypermethylation.

Epigenetic agents
DNA-demethylating drugs such as
5-azacytidine and decitabine are
nucleoside molecules that integrate into
DNA during replication and are approved
by the FDA to treat cancers. Histone
deacetylase inhibitors are another class
of epigenetic modifiers and include
vorinostat, belinostat, panobinostat,
romidepsin and valproic acid.

Epigenetic silencing

Repression of gene expression through
chromatin modifications, such as DNA

hypermethylation, that do not alter the
DNA sequence.

Histone

Histones are nuclear proteins around
which DNA wraps to form chromatin,
helping to package and organize

the genome. Histone modifications
such as acetylation, methylation and
phosphorylation regulate chromatin
structure and gene expression, and they
represent a major class of epigenetic
marks.

Dynorphin

A17-amino acid endogenous opioid
peptide that binds to k-opioid receptors
and modulates pain, stress and

mood. The dynorphin gene (PDYN) is
expressed in hypocretin-producing
neurons, among other neuron types.

HLA class Il

Heterodimeric proteins expressed by
antigen-presenting cells that present
antigens to CD4" T cells, usually leading
to their activation. HLA class Il isotypes
include HLA-DR and HLA-DQ.

MicroRNAs

Small non-coding RNAs that regulate
gene expression by binding specific
target MRNAs and inhibiting their
translation or causing their degradation,
thereby silencing gene expression at the
post-transcriptional level. MicroRNAs
are classed as epigenetic modifiers.

Odds ratio

(OR). A measure of the fold increase in
disease risk or protection conferred by
presence of a genetic variant, such that
an OR >1 predisposes to the disease and
an OR <1 protects against the disease.

Orexigenic neuropeptide QRFP
The QRFP43 and QRFP26 peptides

(43 and 26 amino acids, respectively)
regulate appetite, energy balance and
reproduction through the GPR103
receptor.

Promoters

Regulatory DNA sequence located
directly upstream of a gene, which can
bind RNA polymerase Il and transcription
factors to initiate transcription.

Ten-eleven translocation
enzymes

DNA dioxygenases that oxidize
5-methylcytosine to 5-hydroxymethyl-
cytosine, which is subsequently
converted to cytosine by the DNA repair
machinery. These enzymes therefore
have a key role in DNA demethylation
and epigenetic regulation.

subsequent challenges. For instance, in mice, a single peripheral
lipopolysaccharideinjectioninduces microglial epigenetic reprogram-
ming characterized by increased H3K4mel histone methylation marks,
which leads to long-lasting transcriptional and functional changes
associated with exacerbated cerebral amyloidosis™.

A pro-inflammatory epigenetic signature is also observed in a
subset of astrocytes following intracerebroventricular injections of
IL-1B and tumour necrosis factor, or after experimental autoimmune
encephalomyelitis induction, with higher HATp300-induced H3K27ac
marks being detected in genesrelated to nuclear factor kB signalling
andinflammation®. A similar reprogrammed astrocyte populationis
expanded in chronic active MS lesions®. Acute inflammation, infec-
tion or autoimmune reactions can also promote epigenetic changes,
including DNA damage such as double-strand breaks’”*® and increased
H3K27 methylation marks® in CNS neurons. Importantly, epigenetic
changes in postmitotic neurons can be durable and outlastanimmune

insult, as illustrated by an elegant experimental model in which a
non-cytolytic neonatal infection of CNS neurons profoundly modifies
their histone epigenetic landscape, resulting in long-lasting changes
in neuronal structure and function following viral rechallenge®. This
growing body of evidence indicates that epigenetic remodelling
induced by infection and/or inflammation durably shapes CNS cell
transcriptional potential.

Epigenetics inautoimmune disease

Multiple studies have explored the role of epigenetic modifications
in causing as well as potentially treating autoimmune diseases, pro-
viding insights into the coexistence of autoimmune and epigenetic
mechanisms'°>. DNA methylation, histone modifications and microR-
NAs have been extensively studied across various autoimmune disor-
ders, including systemic lupus erythematosus, rheumatoid arthritis,
MS and type 1diabetes (T1D).
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Box 2 | Fluidity of hypothalamic cell fate determination

The hypothalamus has multiple vital homeostatic functions, and,
consequently, hypothalamic cell types are highly heterogeneous
and collectively orchestrate dynamic physiological outputs as they
integrate and respond to incoming cues.

Cell fate determination refers to the processes by which
a cell becomes committed to a particular specialized type. In the
developing brain, precise molecular cues guide progenitor cells
to differentiate into specific neuronal or glial cell identities —

a process that is traditionally viewed as locking cells into a lifelong
predetermined fate. However, interest is growing in the possibility
that differentiated cells exhibit some degree of fluidity, which could
manifest in several ways.

Mature neurons could exhibit phenotypic plasticity by altering
their gene expression profiles in response to environmental cues or
physiological demands. For instance, in mice, hypocretin (HCRT)-
producing neurons upregulate Hcrt expression under hypoglycaemic
conditions’’. The concept of neuronal reserve was advanced,
whereby a pool of latent, sub-threshold HCRT-‘poised’ neurons
can become bona fide HCRT neurons under adaptive motivational
regulation and possibly also in addicted states'®. Using lineage
tracing of hypothalamic pro-opiomelanocortin (Pomc) neurons in
mice, subpopulations of Pomc-traced ‘ghost’ neurons exhibiting
negligible Pomc expression were uncovered'’®. Ghost neurons
increased in number in diet-induced obese mice, independent of
neurogenesis or cell death, and weight loss reversed this shift. This
study highlights the ability of specialized hypothalamic neurons to
reversibly adapt their functional identity in response to metabolic
stimuli, challenging the concept of predetermined cell fate.

Environmentally driven epigenetic changes might represent
a mechanistic bridge that links genetic predisposition to disease
development'”. In T1D, the interplay between epigenetic and autoim-
mune processes is well documented, both in patients and preclinical
models. Human and mouse insulin gene promoters are demethylated
ininsulin-producing pancreatic B cells'*, and inflammation-associated
methylation of specific CpG sitesin these promoters repressesinsulin
expression'*>'%, Moreover, pro-inflammatory cytokine-mediated
induction of DNA methyltransferases and subsequent insulin gene
methylation and transcriptional repression were proposed to contrib-
uteto disease progressioninnon-obese diabetic mice —aspontaneous
preclinical model of autoimmune T1D'*“,

The epigenetic-autoimmune intersecting field has paramount
clinical relevance: epigenetic modifications offer promising prospects
for the development of new diagnostic biomarkers, as well asinnovative
targeted therapeutics.

Reconciling the autoimmune and epigenetic hypotheses of NT1
The NT1 epigenetic and autoimmune hypotheses are not mutually
exclusive. Epigenetic HCRT gene repression could be a transient neu-
ronal state before neuronal death or adurable phenomenoninasubset
of neurons. A sequence of events, consisting of immune-mediated
triggers, epigenetic repression of the HCRT gene, reduced HCRT pep-
tiderelease and, ultimately, HCRT neuron degeneration, can be envis-
aged to explain how peptide loss can precede neuron loss. Systematic
longitudinal studies are warranted to test this model (Box 1).

Transdifferentiation is a more extreme form of fluidity whereby
one differentiated cell type directly converts into another without
passing through a stem cell-like state. Although transdifferentiation
is not considered to occur naturally in the adult mammalian brain,

a related process of lineage reprogramming has been reported, in
which certain glial cells are reprogrammed into neurons in response
toinjury.

A third form of fluidity is activation of dormant progenitors. In
rodents, the hypothalamus has been found to harbour stem or
progenitor cells that can generate new neurons throughout life.
These dormant cells might be activated under specific conditions
(such as injury or metabolic changes) to replace lost neurons or
contribute to new circuits.

Researchers are actively investigating whether HCRT neurons
can be replenished or whether their function can be rescued in NT1.
Various strategies could be explored, such as guiding progenitor cells
to differentiate into new HCRT neurons or inducing existing non-HCRT
neurons to express the HCRT phenotype.

The concept of cell type fluidity and neuronal reserve in
the hypothalamus holds considerable therapeutic potential
for neurological disorders. Understanding the mechanisms
governing these processes might allow us to fine-tune the activity
of hypothalamic circuits involved in appetite, sleep or stress by
influencing cell fate or phenotype and to promote the generation
of appropriate cell types following hypothalamic damage. This
knowledge could also have wider implications for the treatment of
neurodegenerative disease.

Compensating for HCRT neuron death

The observation that HCRT neuron numbers and HCRT production
areincreasedinopiate or cocaine addiction statesinbothrodents and
humans®#led to the HCRT neuronal reserve model, which could com-
pensate forimmune-mediated killing of HCRT neuronsinNT1(ref. 105).
Under this model, the hypothalamus harbours a pool of latent neurons
with a ‘fluid’ cell determination state and the capacity to respond to
selected triggers by upregulating HCRT expression above the detec-
tion limit, thereby becoming bona fide HCRT neurons®"'*. This model
issupported by data suggesting that hypothalamic cell fates are more
fluid than commonly thought'® (Box 2).

Conclusions

Converging evidence from genetics, epidemiology and immunol-
ogy strongly points to a primary role for the immune system in NT1
pathogenesis. Autoimmunity against HCRT-producing neurons has
been increasingly suspected but would not readily explain the more
recently observed CRH™ neuronal loss. However, coordinated epige-
netic silencing of multiple hypothalamic genes driven by diffusible local
immune mediators could account for the targeting of two anatomically,
molecularly and functionally distinct neuronal populations.

The autoimmune and epigenetic hypotheses of NT1are not mutu-
ally exclusive, and the involvement of epigenetic mechanisms does not
rule out the possibility that an inflammatory or autoimmune process
eliminates at least a subset of HCRT-producing neurons. To move
beyond current symptomatic and HCRT replacement therapies for
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NT1, several key challenges remain. First, reliable methodologies are
needed to determine the extent of any residual but transcriptionally
silenced HCRT neuron pool. Second, strategies should be developed
to explore whether this putative dormant population can be reacti-
vated through targeted and balanced reversal of epigenetic silencing.
Finally, it willbeimportant to assess whether such reactivation would,
through increased expression of autoantigens, fuel a potentially del-
eterious autoimmune process. Together, these lines of investigation
open promising avenues towards disease-modifying approaches that
could restore endogenous HCRT signalling.

Published online: 19 June 2026
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