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Narcolepsy and HIN1 influenza
immunology a decade later:
What have we learned?
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GSK, Rixensart, Belgium

In the wake of the A/California/7/2009 HIN1 influenza pandemic vaccination
campaigns in 2009-2010, an increased incidence of the chronic sleep-wake
disorder narcolepsy was detected in children and adolescents in several
European countries. Over the last decade, in-depth epidemiological and
immunological studies have been conducted to investigate this association,
which have advanced our understanding of the events underpinning the
observed risk. Narcolepsy with cataplexy (defined as type-1 narcolepsy, NT1)
is characterized by an irreversible and chronic deficiency of hypocretin
peptides in the hypothalamus. The multifactorial etiology is thought to
include genetic predisposition, head trauma, environmental triggers, and/or
infections (including influenza virus infections), and an increased risk was
observed following administration of the A/California/7/2009 HIN1 vaccine
Pandemrix (GSK). An autoimmune origin of NT1 is broadly assumed. This is
based on its strong association with a predisposing allele (the human leucocyte
antigen DQB1*0602) carried by the large majority of NT1 patients, and on links
with other immune-related genetic markers affecting the risk of NT1. Presently,
hypotheses on the underlying potential immunological mechanisms center on
molecular mimicry between hypocretin and peptides within the A/California/7/
2009 H1N1 virus antigen. This molecular mimicry may instigate a cross-reactive
autoimmune response targeting hypocretin-producing neurons. Local CD4*
T-cell responses recognizing peptides from hypocretin are thought to play a
central role in the response. In this model, cross-reactive DQB1*0602-
restricted T cells from the periphery would be activated to cross the blood-
brain barrier by rare, and possibly pathogen-instigated, inflammatory processes
in the brain. Current hypotheses suggest that activation and expansion of
cross-reactive T-cells by HIN1/09 influenza infection could have been
amplified following the administration of the adjuvanted vaccine, giving rise
to a “two-hit" hypothesis. The collective in silico, in vitro, and preclinical in vivo
data from recent and ongoing research have progressively refined the
hypothetical model of sequential immunological events, and filled multiple
knowledge gaps. Though no definitive conclusions can be drawn, the
mechanistical model plausibly explains the increased risk of NT1 observed
following the 2009-2010 H1IN1 pandemic and subsequent vaccination
campaign, as outlined in this review.
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Introduction

In the aftermath of the A/California/7/2009 HIN1 (A/
HINI1pdm09) influenza pandemic in 2009-2010, an increased
incidence of the sleep-wake disorder narcolepsy was observed in
several European countries, mostly in children and adolescents who
received Pandemrix (GSK) (1-5). This AS03-adjuvanted (6, 7)
inactivated split-virion A/HINI1/pdm09 vaccine was
manufactured in Germany and predominantly used in Europe
during the pandemic. Given the influenza strain’s persistent
circulation, vaccination continued in the UK on a small scale
(~148,000 individuals) through the end of the 2010-2011 season,
in situations when seasonal vaccine supply was limited (8). The
narcolepsy vaccine safety signal derived from these rare events
triggered intense research efforts to expand the epidemiological
knowledge, and to generate evidence informing a hypothetical
pathogenesis mechanism, which centered on an autoimmune
etiology (9, 10). The collective, multidisciplinary research has
progressively enabled to refine and extend the initially posed
hypotheses of the likely underlying mechanism. Though the
evidence does not suffice to draw definitive conclusions, the
emerging mechanistical model offers a plausible and coherent
explanation for the association between Pandemrix vaccination
and narcolepsy. This review synthesizes the research conducted
over the last decade since the detection of the signal, with further
mechanistic research still ongoing.

Context

AS03-adjuvanted pandemic
influenza vaccines

Besides Pandemrix, a similar monovalent AS03-adjuvanted
A/HIN1pdmO09 vaccine (Arepanrix; GSK) was supplied during
the pandemic. This vaccine was manufactured in Canada and
distributed mostly in the Americas (Brazil, Canada, Mexico),
Malaysia and Turkey. Of the estimated 90 million doses
administered in total (Pandemrix/Arepanrix: 31/59 million),
around 9.5 million were given to children (8). Single-dose
regimens were generally administered, due to the high
effectiveness of one dose of the vaccine, though in some
countries a two-dose schedule was used to vaccinate
immunocompromised adults and younger children (8).

The Pandemrix and Arepanrix vaccine antigens were derived
from the NYMC X-179A reassortant influenza strain, where the
haemagglutinin (HA), neuraminidase (NA) and polymerase
basic 1 (PB1) originated from A/HIN1pdm09, and the
remaining proteins from a 1934 A/HINI strain (PR8) (11).
Clinical trials demonstrated that the two AS03-adjuvanted
pandemic influenza vaccines share similar reactogenicity and
immunogenicity profiles (12, 13).
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AS03 is an oil-in-water Adjuvant System containing DL-o.-
tocopherol and squalene oil dispersed in water (6, 7). The safety
profiles of the AS03-adjuvanted influenza vaccines observed in
clinical trials conducted in adults and children were clinically
acceptable (8). Reactogenicity was increased compared to non-
adjuvanted influenza vaccines, but symptoms generally
remained transient and, mild-to-moderate in intensity and
mostly localized at the site of injection (8). In children,
especially those younger than 3 years of age, increased
incidence of fever was observed particularly after the second
dose (13-15).

The adjuvant’s defined mode of action includes increased
innate cytokine expression and antigen uptake by monocytes,
as seen in mice (6), and activation of interferon pathways
(measured through transcriptomics), as demonstrated in
humans (16-19). Combined with different antigens, the
innate immune activation translated into increased antigen-
specific CD4" (but not CD8") T-cell responses, and
quantitative/qualitative enhancement of specific antibody
responses (11, 20-22). Another defined feature of AS03
activity, noted when used in combination with H5N1
antigen, is an epigenetic modification of innate cells, which
augments the cells’ responsiveness upon subsequent viral
exposure (17). A Phase 3 trial, comparing seasonal influenza
vaccines with or without AS03 in older adults, although it
missed its primary endpoint of preventing any influenza
infection, has shown higher efficacy of the adjuvanted
vaccine in preventing A/H3N2 infection and all-cause
mortality or pneumonia (23). For (pre)pandemic H5N1 and
A/HIN1pdmO09 vaccines, AS03 enabled enhanced
immunogenicity, antigen-sparing, persistence of immune
response and cross-clade reactivity (20, 24).

Overall, the extensive experience gained with AS03-
adjuvanted vaccines has yielded a substantial and
comprehensive safety and immunogenicity database (8), and
suggests that vaccines formulated with this adjuvant could be
crucial to adequately address pandemic threats, not limited to
influenza viruses (7).

NT1 immunopathogenesis

Narcolepsy is a chronic neurological disorder that is
primarily characterized by a reduced ability of the brain to
control sleep-wake cycles and, in most individuals, cataplexy (an
abrupt loss of muscle tone). When presenting in conjunction
with cataplexy, the disorder is commonly referred to as type 1
narcolepsy (NT1). Though no cure is available, some symptoms,
such as excessive daytime sleepiness and cataplexy, may be
controlled by medication (25, 26). NT1 is furthermore
associated with obesity and a range of psychosocial and
psychiatric problems (27, 28).
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Narcolepsy with cataplexy has a global prevalence of 25-50
per 100,000 individuals, with the onset of symptoms usually in
childhood or adolescence (25). While it can have a post-
traumatic etiology, a causal role of infections such as
Streptococcus or influenza has also been suggested (25). NT1 is
diagnosed by the Multiple Sleep Latency Test, as summarized by
Bassetti et al. (25). Diagnosis can be supported by measuring
levels of the neuropeptide hypocretin (HCRT) in the
cerebrospinal fluid. For a more detailed overview of the NT1
clinical spectrum, pathophysiology, diagnosis, and treatment, we
refer to the above-cited review by Bassetti et al. (25). Symptoms
are likely caused by selective loss of the limited number
[approximately 60,000 (29)] of hypothalamic neurons
producing HCRT, resulting in a permanent and irreversible
lack of HCRT signaling in the brain. Upon its secretion, the
precursor hormone (prepro-HCRT) is processed into the
HCRT1 and HCRT2 peptides which then undergo amidation,
a post-translational modification essential for biological activity
(30, 31). These peptides can bind to the HCRT receptors types 1
and 2 (HCRT-R1/R2), which are preferentially expressed in the
central nervous system (CNS), by different cell types located
throughout the brain—though most likely not by HCRT—
producing neurons themselves (32). The resulting interactions
are involved in the regulation of cognitive and physiological
functions, including sleep/wake states.

The prevailing consensus is that NT1 has an autoimmune
origin, similar to type 1 diabetes which is caused by
autoimmunity to the secreted hormone prepro-insulin (33). A
key feature of autoimmune diseases is a genetic association with
specific human leukocyte antigen (HLA) alleles (34). The
occurrence of NT1 is strongly linked to positivity for certain
HLA class IT (HLA-II) alleles. HLA-II molecules are involved in
immune system regulation, and expressed by cells presenting
antigenic peptides to CD4"™ T cells (antigen-presenting cells).
Indeed, while positivity for HLA-DPA1 or DQB1*0603 is
thought to have a protective effect, DQB1*0602 (‘DQ0602’) is
considered a genetic marker that strongly predisposes for NT1
(29, 35). The latter is based on the observation that 95-98% of
NT1 patients are positive for this HLA-II allele, and that
DQO0602 homozygosity (versus heterozygosity) significantly
increases susceptibility (30, 35-37), linking this allele tightly to
the risk of NT1. However, the relative commonness of DQ0602-
positivity, found in 15-30% of the general population, also
strongly suggests a role for environmental triggers in the
overall NT1 etiology (36, 38).

Pharmacoepidemiological evidence
Safety signal with Pandemrix

The first reports of narcolepsy in children and adolescents
vaccinated with Pandemrix emerged in 2010 in Finland and
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Sweden, the ‘signaling countries’ (1, 39). The timeline and key
events are summarized in a publication by M. Sturkenboom
(39): “a suspicion of the association between Pandemrix® and
narcolepsy in a child had already been noticed by Dr. Partinen in
December 2009 and this association was discussed among
neurologists in February 2010 in Finland”, and: “a safety signal
around Pandemrix, an AS03 adjuvanted influenza A(HINI)
pdm09 vaccine potentially causing narcolepsy in children and
adolescents became public in August 2010, long after cessation of
the influenza A(HINI) pdm09 campaigns in Europe”. Across
Europe, the accumulating reports prompted several single-
country, retrospective pharmacoepidemiological studies, as
well as an extensive multinational case-control study by the
‘VAESCO’ consortium, which confirmed an association for 5-
19-year-olds in the signaling countries (1-4, 39, 40). Subsequent
European studies estimated relative risks (95% confidence
intervals) ranging from 1.5-25.0 (0.3-48.5) for children/
adolescents and 1.1-18.8 (0.6-207.4) for adults (2, 8), and
attributable risks (excess cases/100,000 vaccinees) of 1.4-8 and
1.0, respectively (1, 2).

Other adjuvanted H1IN1 vaccines

A specific study was launched in Quebec (Canada), to
investigate whether any potential association would exist
between Arepanrix and narcolepsy, based on validated cases of
narcolepsy from sleep centers (41). In the primary analysis of
this study (41), the relative risk was estimated at 4.3 (95%
confidence interval: 1.5-11.1). This estimate is not
incompatible with the range of the relative risks observed for
Pandemrix (1). The authors of the Quebec study concluded by
stating that their results were consistent with a risk of narcolepsy
following administration of Arepanrix, but that the attributable
risk was of small magnitude (approximately one case per
million) (41). Attributable risks for Pandemrix were around 1
per 20,000 (1). Furthermore, secondary analyses of the Quebec
study, intended to address the biases differently, have produced
lower (and non-significant) relative risks (8, 41). Such a large
heterogeneity in relative risk estimates between different
analyses of the same study were also typical of the studies
on Pandemrix.

Other measures of relative risk were produced for Canada in
the SOMNIA study (3), a global retrospective and observational
study with data from three provinces (Ontario, Manitoba, and
Alberta), of which the case-control study in Ontario did not
detect any increased risk. In all three provinces, the overall
incidence rate of narcolepsy was not higher after versus before
the vaccination campaign. It should also be noted that this study
only detected such an increase in Sweden (the ‘signaling’ country
for narcolepsy) but not in any of the other six included countries.
In addition, no signal was observed in this study for the Focetria
pandemic HIN1 vaccine (Novartis; adjuvanted with MF59 (7),
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another oil-in-water emulsion), of which 12 million doses were
administered in Europe, to 8 million individuals across all ages
(5, 42). Finally, it was concluded in the SOMNIA study that no
changes in narcolepsy incidence were observed between the
period after the initiation of the adjuvanted A/HIN1pdmo09
vaccination and the period before virus circulation, in any age
group or country (3), except for two countries where an
increased risk was observed: Sweden, one of the signaling
countries, and Taiwan, where the incidence increased
concomitantly with influenza virus circulation, in the absence
of Pandemrix or Arepanrix vaccination (3, 43).

In summary, the associations between Pandemrix or
Arepanrix with narcolepsy were measured in different regions.
The heterogeneity of relative risk estimates between the two
vaccines is not necessarily larger than the heterogeneity of the
estimates between the different, more numerous studies
performed for Pandemrix.

Role of natural infection

A putative role of natural infection was initially postulated
by Han et al. in 2011, based on data from Beijing, China (44).
Epidemiological studies of the Chinese Narcolepsy Cohort
identified a seasonal increase in narcolepsy onset during the
pandemic—in a context of very low vaccine coverage and no
vaccination with Pandemrix—followed by a decrease in the two
years after the pandemic (45). Furthermore, Huang et al.
reported an increased narcolepsy incidence in Taiwan during
the pandemic that was not associated with pandemic vaccines,
which in this region were either non-adjuvanted or MF59-
adjuvanted vaccines (43). An etiological role for influenza
infection may also explain the chronology of NT1 incidence
seen in Germany in the same period (46). Finally, whereas the
Quebec data did not suggest a strong evidence of a risk
associated with Arepanrix of a similar magnitude as that with
Pandemrix, the local case numbers did increase slightly during
the first (spring) pandemic wave in the absence of vaccination
(41). Overall, this body of evidence supports a putative role for
natural infection as a risk factor for NT1. This is aligned with the
outcomes of multiple systematic reviews, meta-analyses and
multi-bias modelling studies (1, 2, 4, 39-41, 47). Across these
studies and other communications (48), the various identified
confounders (e.g., faster diagnoses in individuals exposed versus
non-exposed to Pandemrix, geographical differences in the
HINI1 epidemic curve) consistently included the presence of
infection as a risk factor.

It has long been recognized that infectious pathogens can
trigger or exacerbate autoimmune diseases [reviewed in (49)],
and for narcolepsy with cataplexy, a link with Streptococcus
infection has been reported (50-52). Narcolepsy etiology could
also be linked to natural A/HIN1pdmO09 infection (5, 25, 50), as
supported by several lines of published evidence. First, both
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influenza infection and unexplained fevers were identified as
increasing the risk of narcolepsy in a case-control study (53).
Further evidence is provided by the up to four-fold increase
(compared with other years) in cases in 2010 in the
abovementioned Chinese data from Han et al, in the absence
of vaccination (44, 45, 54). More recently, a modelling study of
de novo European cases concluded that the NT1 peak in children
detected in 2013 (thus in the absence of recent Pandemrix
vaccination), was most likely triggered by other risk factors,
such as viral infections caused by HINI recirculation, or
circulation of other/new influenza strains, e.g., influenza B
(55). A recent study by Stowe et al. shows that an increased
risk of NT1 associated with Pandemrix vaccination was
“confined to those with onset within the first 12 months with
a return to baseline thereafter” (56). This limited (~1 year)
timeframe in which the vaccine could be linked to NT1 onsets
thus suggests that thereafter other risk factors would have
become more likely causes.

Finally, the likelihood of an infectious etiology aligns with
the relative chronology of pandemic waves and rises in
narcolepsy with cataplexy cases seen globally (41, 43, 46), as
exemplified by the Quebec Spring wave in 2009. In several
European countries, the pandemic peak preceded the
maximum capacity of the vaccination campaigns, with only a
short duration between these events (2). For example,
mathematical modelling using real-world evidence suggested
that most (66%) Norwegian children aged 10-20 years had
been asymptomatically or symptomatically exposed to the
virus before vaccination (though separating peaks in
background illness from vaccine-induced effects proved
difficult) (2, 57). A role of preceding A/HIN1pdmO09 infection
in narcolepsy etiology was however called into question in a
serological survey of Finnish patients (58), though the assay
characteristics and data interpretation were queried (59).
Nonetheless, the overall evidence indicates that a role for A/
HIN1pdm09 infection cannot be ruled out, and that infection
may act as a confounder in the apparent association between
vaccination and NT1. This points again towards a potential role
for influenza antigen(s) impacting the interpretation of patient
data, both by complicating the attribution of cases to either the
vaccine or the infection, and by generating bias (2, 57). Indeed,
the vaccinated population, which may have been exposed to the
virus and/or had symptoms before vaccination, was also more
prone to seek care and get diagnosed as a result of the signal, due
to widespread media and public health attention (2, 57).

The strong link of this rare immunopathologic disorder with
a single predisposing HLA-II allele, combined with the increase
in NT1 incidence in non-vaccinated populations during A/
HIN1pdmo09 circulation (44-46, 54), pointed towards a
multifactorial yet highly specific disease etiology, in which T
cells (rather than potential autoantibodies) take center stage.
This key assumption informed the mechanistic research plan,
performed as part of GSK’s commitment to the European
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Medicines Agency, to further investigate the signal (9).
Interestingly, an extensive 2014 dataset spanning most of the
Swedish population (61%; ~6 million persons including 3.3
million Pandemrix vaccinees), showed that apart from NTI,
no neurological or autoimmune disease was reported at an
increased incidence (60). This observation supported the initial
assumption on the specificity of the etiology of the NT1 cases
reported after the pandemic.

Clinical and translational
mechanistic research

The T-cell etiology hypothesis

The tight association of NT1 with the HLA-II DQ0602 allele
and its function in CD4" T-cell antigen presentation, suggested a
disease mechanism involving CD4" T cells with T-cell receptors
(TCRs) specifically recognizing peptides from HCRT-secreting
neurons, bound to the endogenous DQO0602 allele. The essential
role of HCRT deficiency in the etiology of NT1 led to the
assumption that this signature protein of HCRT neurons itself
could be the autoantigen. HCRT neurons would then act as the
prime autoimmune targets for direct and/or cytokine-mediated
attacks by CD4" or CD8" T cells. A putative T-cell-mediated
etiology of NT1 was further supported by several NT1-
associated gene signatures identified in the last decade, which,
jointly with DQO0602, formed the basis of the genetic
predisposition. These findings included a single nucleotide
polymorphism (SNP) in a gene segment of the TCR’s o-chain
(TRAJ24) serving as a predisposing marker, and other mutations
in immune-regulating genes (e.g. CTSH, P2RY11 and IFNARI)
which are thought to affect T-cell activation (35, 61-63).

Immunological research to evaluate the
CD4" T-cell etiology hypothesis

Several publications that emerged over the last decade have
begun to shed light on the potential role of T-cell responses in
the context of NT1 (31, 64-71). These studies demonstrated
amongst others that HCRT can be a target for both CD4" and
CD8" T cells, and provided some indications for cross-reactivity.
An overview of the mechanistic insights from this research on
NT1-related T-cell immunology, which was performed by
multiple research groups (31, 64-71), is discussed below. The
seminal data, identifying HCRT as a potential T-cell target in
NT1, were published by Latorre and coworkers in 2018 (70).
These data led several authors to propose a role of autoimmune
T cells in NT1 (36, 72). Investigations into a potential T-cell-
mediated etiology for NT1 continued by evaluating potential T-
cell cross-reactivity between HCRT and HINI1 influenza
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proteins. This approach was based on mapping DQ0602-
restricted epitopes of the four target proteins (A/HIN1pdm09
HA/NA, HCRT1/2), using overlapping 15-mer peptides
spanning their sequences. Thus, the central tenets guiding the
identification of potentially cross-reactive CD4" T cells
(Figure 1) were:

1. to identify DQO0602-restricted A/HIN1pdmo09 and
HCRT peptides, and assess potential sequence
homology,

2. to visualize CD4" T cells recognizing these epitopes, and
use their TCR sequences as unique identifiers to search
for potential HA/HCRT cross-reactivity,

3. to analyze the resulting single-cell TCR sequence
databases, with a specific interest in the known NT1-
associated SNP,

4. to assess the peptides’ conformational homology when
bound to the DQO0602 groove, to complement the
sequential homology data from step 1, and confirm
that molecular mimicry (i.e., sequence or structural
similarities shared between the viral antigens and self-
antigen(s) as T-cell targets), underpins their recognition
by cross-reactive T cells.

The binding to DQ0602 of the individual peptides was
measured, and the binding peptides were then inspected for
their uniqueness to the HINI virus and for putative HA/HCRT
sequence similarities (31, 64-67).

Next (step 2 above), the peptides were assayed for T-cell
activation/recognition using DQ0602-positive donor CD4" T
cells. To ensure DQO0602 specificity, two approaches were
followed: stimulating purified CD4" T cells using antigen-
presenting cells expressing solely DQ0602 (9, 31), or,
employing HLAII-DQO0602-peptide tetramers to directly
visualize/isolate cognate CD4" T cells (31, 64). While this
initially allowed the detection of CD4" T cells with some
evidence of cross-reactivity (9), refinement was achieved by
subjecting isolated CD4" T cells to single-cell TCR sequence
analysis, a technology first reported in 2014 (73). This allowed
researchers to directly compare the TCRs recognizing HA or
HCRT epitopes, and to define cross-reactivity as TCR sequence
identity. In silico interrogation of the TCR-sequence databases
for HA/HCRT epitope homologies (step 3) led to the
identification of TCR-identical, DQ0602-restricted CD4" T
cells isolated with the HA and HCRT tetramers. These cells
were detected in most of the investigated patients with NT1,
but, also in around half of the DQ0602-matched controls (9,
31). Given the predisposing role of the TRAJ24 SNP (35, 62),
the presence/absence of this ‘risk’ allele received particular
attention. The mutation in TRAJ24 was identified in two
patient cases and in one control (31), and matched the
phenotype of a patient TCR (TCR27) carrying this mutation
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Research workflow [see refs (31, 64) for details]. Figure represents the four workflow steps and tenets. Step 1: Pools of overlapping 15-mer
peptides spanning the A/HIN1pdmO09 haemagglutinin (HA)/neuraminidase (NA), hypocretin (HCRT)1 and HCRT2 sequences were used to
measure binding to DQB1*0602 (DQ0602). Then, the peptides’ uniqueness for A/HIN1pdm09 and putative similarities between the HA and
HCRT sequences were determined, with peptide sequence homology considered a first indication for putative molecular mimicry. Step 2: using
DQ0602-positive donor CD4™ T cells and the human leukocyte antigen class Il (HLA-I) tetramers, the peptides from Step 1 were assayed for
their abilities to promote T-cell activation and recognition. Isolated tetramer-binding cells were subjected to single-cell T-cell receptor (TCR)
sequencing. Step 3: TCR databases were inspected for cross-reactivity and the presence of type-1 narcolepsy (NT1)-associated mutations. The
inset [from ref (31)] shows the clustering and overlap of TCR sequences found using tetramers with peptides from nucleoprotein control (NP;
blue), HCRT (orange), or HA (grey), allowing to identify cross-reactive TCR families. In Step 4, X-ray diffraction and crystallography analyses were
used to investigate structural/conformational similarities between the peptides bound to the DQ0602 groove, to complement the sequential
homology data from Step 1. PBMCs, peripheral blood mononuclear cells. FACS, fluorescence-activated cell sorting. Data are shown for

illustrative purposes only

(64). Collectively, this work identified HCRT peptides as likely
T-cell targets and autoantigens, but importantly, only in their
bioactive amidated form (31). The short half-times of amidated
peptides could then explain why T cells recognizing these
peptides might escape tolerance induction in the thymus.
Whereas these data provide interesting insights pointing
towards T-cell cross-reactivity, it was clear that more
research was needed.

Detection of rare and/or cross-reactive T cells was facilitated
by combining DQ0602-tetramers with single-cell TCR
sequencing. Single-cell analysis was important because bulk
stimulation assays using the same peptides failed to detect
cross-reactivity on the basis of TCR sequence analysis (67).
The latter was likely due to a low frequency of cross-reactive T
cells in the pool of cognate cells (69). Nevertheless, a potential
role of cross-reactivity for DQO602-restricted epitopes was
further supported by a study comparing HCRT-specific T-cell
responses between pediatric patients with NT1 and healthy
control children, using peptide stimulation and intracellular
cytokine staining (68). This analysis revealed that the NT1
patients displayed higher HCRT-specific CD4/CD8" T-cell
frequencies, which were amplified by priming with influenza
virus peptides. Higher HCRT-specific CD8" T-cell responses in
patients versus DQ0602-matched controls were also found by
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Pedersen et al. (71), using DNA barcode-labeled HLA-
multimers to track the antigen specificities of the investigated
T cells.

Finally, the notion of peptide mimicry was supported by
studying three-dimensional (3D) structures of the HA and
HCRT peptides in the DQ0602 groove, using X-ray
crystallography (step 4). Structural analysis of the crystals
synthesized of DQ0602 complexes with HA or HCRT peptides
in their binding grooves, revealed similarities that were not
obvious from the sequences (64). Indeed, whereas the HA,,5.
287 HCRT56.65 (HCRT1) and HCRTg; 99 (HCRT2) sequences
displayed differences in five of their nine core residues,
conformational homologies were more remarkable at the 3D-
level (67). Nevertheless and in apparent contrast, Latorre et al.
identified HCRT-specific CD4" and CD8" T cells which did not
display any cross-reactivity with influenza antigens (70). Using
different detection methods, these authors found that the
HCRT-specific CD4" T cells were HLA-DR-restricted, as well
as undetectable in healthy DQ0602-positive controls and thus
disease-specific.

Collectively, the T-cell data are consistent with a model in
which a DQO602-restricted and cross-reactive CD4" T-cell
response may act as the initiator of the autoimmune response.
This implies that phenotypic differences between patients and
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controls may be important, and that cross-reactive CD4" T cells
per se do not represent a biomarker for disease. Hence, the
critical event would likely be the loss of peripheral tolerance
mechanisms, leading to the presence of unchecked activated
autoreactive CD4" T cells in the brain. It was hypothesized that,
subsequently, local immune activation in the hypothalamus
would (due to a phenomenon known as ‘epitope spreading’)
lead to involvement of other T cells with different targets,
including HLA-DR-restricted CD4" and CD8" T cells (36).
Because these responses would be activated after disease
initiation by cross-reactive T cells, it is expected that such
secondary immune responses would then be more disease-
specific and not necessarily cross-reactive. This would be
supported by the peak response of cells with the DQ0602-
based specificity detected at onset of the disease (31). Finally,
involvement of HCRT-specific CD8" T cells in the response may
provide an explanation for how exactly CD4" T cells could
orchestrate an autoimmune response resulting in the loss of
HCRT neurons, given that these neurons do not express HLA-II.

In summary, rare cross-reactive DQ0602-restricted CD4" T
cells could play a pivotal role as a trigger in disease onset under
specific conditions, most likely involving local inflammation
facilitating access across the blood-brain barrier. Once
initiated, other cells, such as CD8* and CD4" T cells with
different HLA restrictions and specificities, could become
involved. It then follows that there would be neither an
immunological need, nor a plausible mechanism, for these
cells to be cross-reactive.

Extending the CD4™ T-cell etiology
hypothesis: non-clinical data

The human data generated so far provided potential
evidence for the T-cell recognition of HCRT, as well as
indications for cross-reactivity with HA, supporting a plausible
immunological mechanism underlying the pathogenicity. Still,
they do not connect the peripheral infectious events with the
hypothetical local autoimmune responses in the human brain.
Specifically, insight was needed into which CNS events would be
required to first activate peripheral HA/HCRT-cross-reactive
CD4" T cells to cross the blood-brain barrier, and then, instigate
the targeting of HCRT neurons in the CNS. This was where
animal models came into play. However, the models created
since the discovery of HCRT and HCRT-Rs, such as mice
deficient for these components or narcoleptic dog models, did
not fit the purpose because they do not allow to study disease
etiology. To address this, novel mouse models were generated, as
reported by two independent teams in 2016 (74, 75).

Transgenic mice artificially expressing HA by HCRT neurons
under control of the HCRT promoter (thus bypassing the need for
peptide mimicry, since it forces expression of an influenza epitope in
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the CNS) were used by Bernard-Valnet et al, to demonstrate a role for
HA-specific T cells in the immune attack of HCRT neurons (74).
While hypothalamic inflammation was seen following injection of
HA-specific CD4" and/or CD8" T cells, narcolepsy-like symptoms
were only observed when activated CD8" T cells were administered
to the mice, pointing towards a role for CD8" T-cell-mediated
cytotoxicity. The researchers then went on to evaluate the role of
Pandemrix vaccination in this model, and their results confirm the
data from the original work: induction of HA-specific CD4" and
CD8" T cells in the HA-transgenic mouse model led to an
“immunopathological process mimicking narcolepsy” (76).
Whereas this mouse model was not designed to study T-cell cross-
reactivity, the results support a role for self-recognizing CD4" and
CD8" T cells in the pathology of NT1. The key role of CD8" T cells in
the mouse model is consistent with the abovementioned discovery of
HCRT-specific CD8" T cells (70, 71), and with the expectation that
CD4" T cells do not kill HCRT neurons, which only express HLA-I
and therefore would be recognized by CD8" rather than CD4" T cells.
Given the pathogenic role of CD4" T cells suggested by the human
data, possibly CD8" T cells are only engaged once an immune
response is triggered by cross-reactive CD4™ T cells. However, it
should be noted that vaccine evaluations have failed to detect the
induction of any CD8" T-cells in the blood of human recipients of
AS03-adjuvanted vaccines (11, 77, 78).

Tesoriero et al, on the other hand, used Recombinant
activating gene 1 (RAGI)-knockout (T-cell-lacking) mice to
demonstrate that intranasal infection with a neuro-adapted A/
HINI1 influenza strain can trigger hypothalamic neuronal
infection (75). In these mice, the virus travelled via the
trigeminal nerve through the blood-brain barrier into the
hypothalamus where it infected HCRT neurons, which in turn
triggered NT1-like symptoms. While it has been argued that this
mechanism supports a virus-based rather than a T-cell-
mediated auto-immune etiology (79), both are not necessarily
mutually exclusive, because infection would serve as a strong T-
cell attractant, as explained above.

The model that emerged from the combined murine data
explained that (i) local brain inflammation is plausible and can
be localized to HCRT-secreting neurons—an event that is likely
to attract a T-cell response that originated at the vaccine
injection site, infected airways and/or draining lymph nodes,
into the brain; and that (ii), if mimicry exists [as modeled by HA
in the mouse study (74)], the involved T cells can instigate NT1-
like symptoms. However, cotton rat data have indicated that a
trigger for such T-cell migration is unlikely to come from an
intramuscular adjuvanted vaccine alone. Indeed, repeated
injections of either AS03-adjuvanted vaccine or AS03 alone
did not cause any inflammation in the CNS (80). Moreover,
no changes in the blood-brain barrier integrity were observed in
these animals (80). The collective animal data then informed a
second hypothesis refining the mechanistic model, and
confirmed/extended the earlier suggested necessity of an
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environmental trigger preceding or acting in parallel with the
vaccination (5, 81).

Connecting the dots: the “two-hit" NT1
etiology hypothesis

Based on the collective immunological and epidemiological
evidence, a hypothetical mechanistic model is proposed that
connects CD4" T-cells targeting HCRT peptide sequences, with
T cells recognizing putative cross-reactive epitopes in HINI
antigens, such as the HA and NA antigens, given that these two
antigens were present in both the HINI virus and the vaccine.
This model was based on assumed sequence or structural
similarities shared between the viral antigens and self-antigen
(s) as T-cell targets (called ‘molecular mimicry’), such that CD4"
T cells responding to the influenza HA peptides could
conceivably cross-react with peptide sequences from HCRT (9,
31). The projected sequence of events would then be that
secreted HCRT peptides would be picked up by antigen-
presenting cells surrounding the HCRT neurons, such as
microglia, making HCRT ‘visible’ to cognate CD4" T cells.
Consequently, in a predisposed host, these HLA-II-positive
cells expressing DQ0602, would then present DQ0602-binding
peptides to CD4" T cells. In parallel, peptides from influenza
antigens, such as those in the HA protein, are presented to
influenza-specific CD4" T cells in peripheral lymph nodes
following infection and/or vaccination. Such ‘mimicry
peptides’ can then be recognized by HA/HCRT cross-reactive
CD4" T cells. Any inflammation in the brain, caused by, for
example, infection or other trauma, could entice these T cells to
cross the blood-brain barrier, in order to survey the local
inflammation. These activated cross-reactive CD4" T cells
could then recognize the mimicry HCRT peptide presented by
microglia, and trigger autoimmunity (36).

To explain the high specificity of the peptide-DQ0602
binding, it was also assumed that the mimicry peptide, when
presented by DQ0602-expressing microglia, displays a unique
conformation. In this model, a slightly different way of binding
of the same peptide to, for example, a protective allele such as
DQO0603 (35), would prevent cross-reactive T cells from
becoming activated, because the peptide appears different from
the perspective of the TCR.

The available evidence demonstrates that HA/HCRT peptide
similarity can occur independently from NT1 symptoms, as both
healthy subjects and patients displayed CD4" T cells recognizing
the presented DQ0602-HA/HCRT peptide complexes (31). It
follows therefore that these cells may be required but are, by
themselves, insufficient to cause narcolepsy (NT1) symptoms.
Several relatively rare conditions can independently trigger local
CNS inflammation, whereas the existence of a regulatory self-
reactive immune network in the CNS should also be considered
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(82). The potential inflammation triggers include brain injuries,
or the crossing of pathogens (e.g., A/HIN1pdmO9,
Streptococcus) through the blood-brain barrier during
infection, but likely not the adjuvanted A/HIN1pdmO09
vaccination itself (80). Then, due to natural immune
surveillance, the local inflammation could result in T-cell
expansion and migration from the periphery into the brain.
Importantly, in some DQO0602-positive predisposed individuals,
such a response could include the rare DQ0602-restricted HA/
HCRT cross-reactive CD4" T cells (“first hit”), which could then
be amplified by an independent event at the time of, or soon after
infection (“second hit”; Figure 2) (5, 81). It is tempting to
speculate that the existence of an immune regulatory network
in the CNS (82) could necessitate a third hit, i.e., failure of the
immune tolerance mechanism. We hypothesize, based on the
accumulated evidence, that in a very small proportion of
predisposed individuals, vaccination may have amplified the
already triggered immune cascade, because administration of
the adjuvanted vaccines has been shown to stimulate CD4" (but
not CD8") T-cell responses (11, 77, 78). Due to the combined
action of both factors, and supported by the hypothesis of
epitope spreading (36), local autoimmune recognition of
epitopes from hypothalamic HCRT neurons may then trigger
the activation of HCRT-specific CD4" and CD8" T cells. This
might lead to the progressive loss of HCRT neurons, and,
ultimately, to NT1 symptoms in the affected individuals.

In summary, if the A/HIN1pdmO09 viral preexposure
suggested by some pharmaco-epidemiological studies is
confirmed, a plausible hypothesis is that the ‘priming’ of the
cross-reactive CD4" T-cell response by natural infection was
further activated following pandemic influenza vaccination. In
addition, if, as hypothesized, the putative mimicry peptide is
indeed specific to A/HINIpdm09 protein, this would explain
several epidemiological observations demonstrating the
association between an increased risk of NT1 and A/
HIN1pdm09 infection, including (i) the absence of a risk
increase prior to 2009, when the mimicry peptide was absent;
(ii) the 2010 peak in China detected in the absence of Pandemrix
vaccination (44, 45, 54); and, possibly, (iii) the European
incidence peak observed in 2013 (55).

Alternative hypotheses

Besides the T-cell hypothesis, several other possible scientific
explanations based on in silico or in vivo data have been
proposed, guided by purported differences between Pandemrix,
Arepanrix and Focetria. Table 1 presents an overview of these
studies and their limitations, in several cases pertaining to the
absence of plausible mechanistic links and/or confirming data
(32, 84, 85, 88). The scientific arguments centered mostly on
potential variations in the HA or nucleoprotein (NP) vaccine

frontiersin.org


https://doi.org/10.3389/fimmu.2022.902840
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Buonocore and van der Most

10.3389/fimmu.2022.902840

Periphery

Brain (hypothalamus)

‘two-hit’ hypothesis

rare viral blood-brain barrier
& £

ing causes
CD4 T cell

virus

vaccine
antigen

Prerequisite: DQ0602 positivity
+ infectious and/or environmental trigger

p
Chronic lack of HCRT leads to NT1 symptoms

Microglia

@

Autoimmune response
direct cytotoxic action *
against HCRT neurons

HA / HCRT
mimicry peptide

*TCR [ )

8B HLA

FIGURE 2

"SR HLA-I DQO602

=g )= cp4oL-cD40

% Cytokines
x* Cytotoxic granules

P Hcrr

NT1 immunopathogenesis model: T-cell cross-reactivity and “two-hit” hypotheses. The hypothetical model connects peripheral (left) and
hypothalamic (right) events. In this model, rare conditions, including brain injuries or pathogens (A/HIN1pdmOQ9 virus, Streptococcus) crossing
the blood-brain barrier (BBB), prime for local brain inflammation and, due to immune surveillance, the expansion and migration of T cells from
the periphery into the brain. In DQ0602-positive persons, these T-cell responses could include DQB1*0602 (DQ0602)-restricted,
haemagglutinin (HA)/hypocretin (HCRT)-cross-reactive CD4" T cells, as a “first hit". These low-frequency immune responses could then be
amplified by an independent event (“second hit"), which in highly rare occasions might have been a vaccination that stimulates CD4* T-cell
responses. Further response amplification due to ‘epitope spreading” and autoimmune recognition of epitopes in HCRT peptides from the
hypothalamic HCRT neurons, may then activate the HCRT-specific T cells to launch immune attacks on these neurons. These attacks are
mediated by cytokine release and cytotoxic (CD8%) T lymphocyte (CTLs) that are ‘licensed to kill' by the CD4™ T cells. The subsequently released
cytotoxic granules, containing perforin and granzymes, directly attack the virus-infected neurons upon HLA-I mediated antigen recognition. The
progressive loss of the HCRT neurons ultimately results in type-1 narcolepsy (NT1) symptoms in the affected person. Note that failure of
peripheral tolerance may constitute a third parameter that could affect risk. APC, antigen-presenting cell. TCR, T-cell receptor. HLA, human

leukocyte antigen. CD40L, CD40 ligand.

antigens (86, 87, 89, 92, 94) rather than on adjuvant differences,
which led the European Medicines Agency to conclude that
“based on the evidence generated so far, a hypothesis that takes
into account the potential role of antigen is more likely to explain
the increased risk of narcolepsy observed with Pandemrix than
hypotheses that are based on a direct role for the AS03 adjuvant”
(9). The latter (adjuvant-based) hypotheses, focusing on o-
tocopherol (contained only in AS03) were the topic of only
one report (83).

Rather than a T-cell-based etiology, several of the studies
proposing alternative models suggested a central role for
antibodies, including cross-reactive anti-HCRT-R2/NP
antibodies, antibodies against NP itself, and anti-ganglioside or
other autoantibodies (87, 89, 92, 94). In particular, the
hypothesized causal role of NP/HCRT-R2-cross-reactive
antibodies has been challenged in later studies, which all failed
to reproduce these cross-reactive antibody profiles (31, 90, 91,
93). It is therefore not straightforward to translate the collective
antibody data into a plausible mechanistic model (94).
Furthermore, recent data by Lind et al. suggested that HA
antibody responses are both qualitatively and quantitatively
comparable between NT1 cases and controls, leading these
authors to conclude that HA antibodies are likely not involved
in the pathogenesis (95).
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Overall, the field has moved to a stronger emphasis on a
mechanistic role for T cells in the etiology of NT1, as exemplified
by recent clinical data (96). Confirmation of the T-cell cross-
reactivity was not only provided by the mechanistic murine data
(74, 75) (§ Extending the CD4+ T-cell etiology hypothesis: non-
clinical data), but also by a recent publication postulating
mimicry between a DQO0602-restricted epitope in A/
HINIpdm09 NA and a self-epitope from a protein (protein-
O-mannosyl-transferase; POMT1) expressed in the CNS (97).
The authors concluded that the data identified POMT1 as a
potential autoantigen for B and T cells, though it has no known
links to NT1.

Discussion

From the in-depth pharmacoepidemiological and
immunological studies that were triggered by the increased NT1
incidence in Europe immediately following the A/HIN1pdmO09
influenza pandemic, a model has gradually emerged which
plausibly explains the sequential immunological events
underpinning the increased risk. In brief, the hypothetical
mechanism centers on a possible molecular mimicry between
antigens in the A/HIN1pdmo09 virus and vaccines and in HCRT.
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TABLE 1 Alternative hypotheses.

Focus

a-tocopherol in

adjuvant to higher neuron sensitivity to apoptosis (83)

Change in HA of
vaccine Ag
binding to DQ0602 (86)
Change in NP of
vaccine Ag
enhances cross-
reactive Ab
responses

Alleged similarity in NP and HCRT-R2 sequences (dubbed the “mimicry sequence”) is a target of cross-reactive o
anti-NP/HCRT-R2 Ab responses, which were claimed to be more abundant in vaccinees of Pandemrix vs
Focetria due to the relative enrichment of NP in Pandemrix. This would link Pandemrix vaccination with

increased NT1 risk (89)

Vaccine Ag target

of Abs against

ganglioside GM3
linking Pandemrix to NT1 risk (92)

Other auto-Ab

responses patients and healthy controls (94)

Observations and Hypotheses

Neuronal cells exposed in vitro to free o-tocopherol displayed increased HCRT expression, presumably leading o

The increased frequency of a single amino-acid change in Pandemrix and wild-type virus compared to
Arepanrix or other HIN1 vaccines was hypothesized to have altered the predisposition to NT1, by changing the

Polysorbate detergent used in Pandemrix production allegedly induces structural changes in the NP of the .
vaccine Ag, which increases anti-NP Ab responses cross-reacting with DQ0602 (87)

Anti-GM3 auto-Abs found more often in vaccinated vs unvaccinated persons (18% vs 7%; P=0.035), and in .
Pandemrix-vaccinated NT1 patients vs healthy controls (15% vs 4%; p = 0.047). This led to the claims that anti-
GM3 AD responses are associated with DQ0602 (p = 0.016) in both vaccinated patients and controls, collectively o

Using microarray screening technology, other Ab targets were found to be recognized differently in NT1 .

10.3389/fimmu.2022.902840

Counter argument

Different behavior o-
tocopherol in vivo vs in vitro
(84)

o No migration of formulated
o-tocopherol to CNS (85)

No mechanistic link between
reduced binding to DQ0602 and
NT1 pathogenesis

Pandemrix and Arepanrix
NP sequences originate from
PR3 strain rather than from A/
HIN1pdm09 (88)

« No mechanistic link between
anti-NP Abs and NT1
development

No clear mechanistic
involvement of such cross-
reactive Abs in the loss of HCRT
neurons (88):

- HCRT neurons do not
express HCRT-R2

—  No need for DQ0602
binding of “mimicry peptide” to
induce cross-reactive anti-
HCRT-R2 Abs (32)

« Mimicry sequence not
confirmed by independent
analyses or GenBank database
(entry KJ_942731) (88)

o Cross-reactive Abs were
detected in vaccinees both with
and without NT1 symptoms (89)
« No cross-reactive Abs
detected in later studies (31, 90,
91)

Key results are borderline
statistically significant (92)

The relationship, if any,
between the Ab responses and
any A/HIN1pdm09 protein is
unclear

e The hypothesis was discarded
in earlier research (93)

Unclear relationship, if any,
between these proteins and any
A/HIN1pdm09 proteins

o Unclear if the proteins are
indeed autoimmune targets

Ag, antigen; Ab, antibody; CNS, central nervous system; HA, haemagglutinin; HCRT-R2, hypocretin receptor type 2; NP, nucleoprotein; NT1, narcolepsy type I; DQ0602, DQB1*0602; A/

HI1N1pdmo09, A/California/7/2009 HIN1.

The consequence of this mimicry may be to trigger an autoimmune
response targeting HCRT-producing neurons, activated by local
responses of CD4" T cells recognizing peptides from HCRT. The
reaction could be primed by rare pathogen-instigated brain
inflammation, or by genetically driven loss of peripheral
tolerance, attracting DQB1*0602-restricted, cross-reactive T cells
from the periphery. The frequencies of these T cells in the
circulation, and the numbers of these cells subsequently migrating
to the brain, could then be amplified by a subsequent event, such as
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vaccination, effectuating a “two-hit” hypothesis. Failure of
peripheral tolerance could be considered a third hit.

The collective in silico, in vitro, and preclinical in vivo data from
the research efforts—which are still continuing today—have
progressively refined the initial hypothetical model of sequential
immunological events, and have filled multiple knowledge gaps.
The scientific debate over the last decade has also demonstrated the
value of combining immunology research (focusing on T-cell cross-
reactivity) with the pharmacoepidemiological evidence. Indeed, this
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combination has offered plausible explanations within the “two-hit”
hypothesis mechanistic framework, and the current review aimed to
provide an interpretation of the T-cell data that emerged over the
last decade, which fits within this framework. Future research, using
single-cell analysis and HLA tetramers, could focus on further
characterization of HCRT-specific T cells, including their fine-
specificities, phenotypes (effector versus regulatory), and cross-
reactivity profiles. Further refinement of mouse models, e.g.,
DQO0602-transgenic mice, to recapitulate antigen-specificity and
mimicry of disease development, would also be of value.
Understanding the immunological mechanism(s) underlying the
observed increased risk of NT1 is important from the perspectives
of public health and the patients, and can ultimately inform future
research on NT1 and, potentially, on other autoimmune diseases.

Altogether, though no definitive conclusions can be drawn, the
hypothesis of possible molecular mimicry remains plausible to
explain the increased risk of NT1 observed following infection
and/or vaccination against A/HIN1pdm09 pandemic influenza. A
better understanding of the narcolepsy disease mechanisms and of
the potential role of cross-reactive CD4" T cells has brought novel
insights and refinements of the proposed hypothetical model. In
this context, several lines of evidence converge on the notion that
the presence of such cross-reactive CD4" T cells alone is not a
predictor for the narcolepsy pathogenesis.

Trademarks

Pandemrix and Arepanrix are trademarks owned by or
licensed to the GSK group of companies. Focetria is a
trademark of Novartis. All these products are now withdrawn
from use in the European Union. The marketing authorisation
for Pandemrix and Focetria expired on 13 August 2015 and the
marketing authorisation for Arepanrix expired on 13
December 2010.

Author contributions

All authors contributed to the research, reviewed the
literature, provided substantial input and reviewed the
paper. All authors approved the final article and are
accountable for all aspects of the work. For RvdM, it is
noted that the views and opinions in this publication are his
personal views and opinions.

References

1. Sarkanen TO, Alakuijala APE, Dauvilliers YA, Partinen MM. Incidence of
narcolepsy after HIN1 influenza and vaccinations: Systematic review and meta-
analysis. Sleep Med Rev (2018) 38:177-86. doi: 10.1016/j.smrv.2017.06.006

2. Verstraeten T, Cohet C, Dos Santos G, Ferreira GL, Bollaerts K, Bauchau V,
et al. Pandemrix"™ and narcolepsy: A critical appraisal of the observational studies.
Hum Vaccin Immunother (2015) 11(11):1-7. doi: 10.1080/21645515.2015.1068486

Frontiers in Immunology

11

10.3389/fimmu.2022.902840

Funding

This study received funding from GlaxoSmithKline
Biologicals SA, which funded this literature review and took in
charge all costs associated with the development and the
publication of this manuscript.

Acknowledgments

The authors thank Fernanda Tavares Da Silva, Vincent
Bauchau, Maria de los Angeles Ceregido Perez, Margherita
Coccia, Marguerite Koutsoukos, Derek O’Hagan (all GSK) and
Norman Begg (independent vaccine consultant) for their critical
review of the manuscript. They also thank Ellen Oe (GSK) for
providing medical writing support, and Business & Decision Life
Sciences platform for editorial assistance and manuscript
coordination, on behalf of GSK. Geraldine Drevon (GSK) and
Nathalie Arts (Business & Decision Life Sciences) coordinated
publication development and editorial support.

Conflict of interest

SB is employed by the GSK group of companies. RvdM was
employed by the GSK group of companies. SB and RvdM hold
shares in the GSK group of companies. GlaxoSmithKline
Biologicals SA funded this literature review and took in charge
all costs associated with the development and the publication of
this manuscript.

The funder was involved in the study design, collection,
analysis, interpretation of data, the writing of this article and the
decision to submit it for publication.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

3. Weibel D, Sturkenboom M, Black S, de Ridder M, Dodd C, Bonhoeffer J, et al.
Narcolepsy and adjuvanted pandemic influenza a (HIN1) 2009 vaccines - Multi-
country assessment. Vaccine (2018) 36(41):6202-11. doi: 10.1016/
j.vaccine.2018.08.008

4. Wijnans L, Lecomte C, de Vries C, Weibel D, Sammon C, Hviid A, et al. The
incidence of narcolepsy in Europe: Before, during, and after the influenza A(HIN1)

frontiersin.org


https://doi.org/10.1016/j.smrv.2017.06.006
https://doi.org/10.1080/21645515.2015.1068486
https://doi.org/10.1016/j.vaccine.2018.08.008
https://doi.org/10.1016/j.vaccine.2018.08.008
https://doi.org/10.3389/fimmu.2022.902840
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Buonocore and van der Most

pdm09 pandemic and vaccination campaigns. Vaccine (2013) 31(8):1246-54.
doi: 10.1016/j.vaccine.2012.12.015

5. Edwards K, Lambert PH, Black S. Narcolepsy and pandemic influenza
vaccination: What we need to know to be ready for the next pandemic. Pediatr
Infect Dis ] (2019) 38(8):873-6. doi: 10.1097/INF.0000000000002398

6. Gargon N, Vaughn DW, Didierlaurent AM. Development and evaluation of
AS03, an adjuvant system containing o-tocopherol and squalene in an oil-in-water
emulsion. Expert Rev Vaccines (2012) 11(3):349-66. doi: 10.1586/erv.11.192

7. O'Hagan DT, van der Most R, Lodaya RN, Coccia M, Lofano G. "World in
motion" - emulsion adjuvants rising to meet the pandemic challenges. NPJ Vaccines
(2021) 6(1):158. doi: 10.1038/s41541-021-00418-0

8. Cohet C, van der Most R, Bauchau V, Bekkat-Berkani R, Doherty TM,
Schuind A, et al. Safety of ASO3-adjuvanted influenza vaccines: A review of the
evidence. Vaccine (2019) 37(23):3006-21. doi: 10.1016/j.vaccine.2019.04.048

9. European Medicines Agency. European Public assessment report (EPAR) for
Pandemrix, EMA/691037/2013. Annex I: Summary of product characteristics (2015)
p. 1-45. Available at: https://www.ema.europa.eu/en/documents/variation-report/
pandemrix-h-c-832-1i-0061-epar-assessment-report-variation_en.pdf (Accessed
01-07-2022).

10. van der Most R, Van Mechelen M, Destexhe E, Wettendorff M, Hanon E.
Narcolepsy and A(HIN1)pdmO09 vaccination: Shaping the research on the
observed signal. Hum Vaccin Immunother (2014) 10(3):572-6. doi: 10.4161/
hv.27412

11. Roman F, Clement F, Dewe W, Walravens K, Maes C, Willekens J, et al.
Effect on cellular and humoral immune responses of the AS03 adjuvant system in
an A/HIN1/2009 influenza virus vaccine administered to adults during two
randomized controlled trials. Clin Vaccine Immunol (2011) 18(5):835-43.
doi: 10.1128/CV1.00480-10

12. Canelle Q, Dewé W, Innis BL, van der Most R. Evaluation of potential
immunogenicity differences between Pandemrix and Arepanrix. Hum Vaccin
Immunother (2016) 12(9):2289-98. doi: 10.1080/21645515.2016.1168954

13. Launay O, Duval X, Fitoussi S, Jilg W, Kerdpanich A, Montellano M, et al.
Extended antigen sparing potential of AS03-adjuvanted pandemic HIN1 vaccines
in children, and immunological equivalence of two formulations of AS03-
adjuvanted HIN1 vaccines: results from two randomised trials. BMC Infect Dis
(2013) 13:435. doi: 10.1186/1471-2334-13-435

14. Vaughn DW, Seifert H, Hepburn A, Dewé W, Li P, Dramé M, et al. Safety of
AS03-adjuvanted inactivated split virion A(HIN1)pdm09 and H5N1 influenza
virus vaccines administered to adults: pooled analysis of 28 clinical trials. Hum
Vaccin Immunother (2014) 10(10):2942-57. doi: 10.4161/21645515.2014.972149

15. Waddington CS, Walker WT, Oeser C, Reiner A, John T, Wilkins S, et al.
Safety and immunogenicity of AS03p adjuvanted split virion versus non-
adjuvanted whole virion HINT influenza vaccine in UK children aged 6 months-
12 years: Open label, randomised, parallel group, multicentre study. BMJ (2010)
340:c2649. doi: 10.1136/bmj.c2649

16. De Mot L, Bechtold V, Bol V, Callegaro A, Coccia M, Essaghir A, et al.
Transcriptional profiles of adjuvanted hepatitis B vaccines display variable
interindividual homogeneity but a shared core signature. Sci Transl Med (2020)
12(569):eaay8618. doi: 10.1126/scitranslmed.aay8618

17. Wimmers F, Donato M, Kuo A, Ashuach T, Gupta S, Li C, et al. The single-
cell epigenomic and transcriptional landscape of immunity to influenza
vaccination. Cell (2021) 184:3915-35. doi: 10.1016/j.cell.2021.05.039

18. Sobolev O, Binda E, O'Farrell S, Lorenc A, Pradines J, Huang Y, et al.
Adjuvanted influenza-HIN1 vaccination reveals lymphoid signatures of age-
dependent early responses and of clinical adverse events. Nat Immunol (2016)
17(2):204-13. doi: 10.1038/ni.3328

19. Howard LM, Goll JB, Jensen TL, Hoek KL, Prasad N, Gelber CE, et al. AS03-
adjuvanted H5N1 avian influenza vaccine modulates early innate immune
signatures in human peripheral blood mononuclear cells. J Infect Dis (2019) 219
(11):1786-98. doi: 10.1093/infdis/jiy721

20. Leroux-Roels I, Borkowski A, Vanwolleghem T, Dramé M, Clement F, Hons
E, et al. Antigen sparing and cross-reactive immunity with an adjuvanted rH5N1
prototype pandemic influenza vaccine: a randomised controlled trial. Lancet (2007)
370(9587):580-9. doi: 10.1016/S0140-6736(07)61297-5

21. Khurana S, Coyle EM, Manischewitz J, King LR, Gao J, Germain RN, et al.
AS03-adjuvanted H5N1 vaccine promotes antibody diversity and affinity
maturation, NAI titers, cross-clade H5N1 neutralization, but not HIN1 cross-
subtype neutralization. NPJ Vaccines (2018) 3:40. doi: 10.1038/s41541-018-0076-2

22. Budroni S, Buricchi F, Cavallone A, Bourguignon P, Caubet M, Dewar V,
et al. Antibody avidity, persistence, and response to antigen recall: Comparison of
vaccine adjuvants. NPJ Vaccines (2021) 6(1):78. doi: 10.1038/s41541-021-00337-0

23. McElhaney JE, Beran ], Devaster JM, Esen M, Launay O, Leroux-Roels G,
et al. AS03-adjuvanted versus non-adjuvanted inactivated trivalent influenza
vaccine against seasonal influenza in elderly people: A phase 3 randomised trial.
Lancet Infect Dis (2013) 13(6):485-96. doi: 10.1016/S1473-3099(13)70046-X

Frontiers in Immunology

10.3389/fimmu.2022.902840

24. Nolan T, Roy-Ghanta S, Montellano M, Weckx L, Ulloa-Gutierrez R,
Lazcano-Ponce E, et al. Relative efficacy of AS03-adjuvanted pandemic influenza
A(HINI) vaccine in children: Results of a controlled, randomized efficacy trial. J
Infect Dis (2014) 210(4):545-57. doi: 10.1093/infdis/jiu173

25. Bassetti CLA, Adamantidis A, Burdakov D, Han F, Gay S, Kallweit U, et al.
Narcolepsy - clinical spectrum, aetiopathophysiology, diagnosis and treatment. Nat
Rev Neurol (2019) 15(9):519-39. doi: 10.1038/541582-019-0226-9

26. Bassetti CLA, Kallweit U, Vignatelli L, Plazzi G, Lecendreux M, Baldin E,
et al. European Guideline and expert statements on the management of narcolepsy
in adults and children. Eur ] Neurol (2021) 28(9):2815-30. doi: 10.1111/ene.14888

27. Postiglione E, Antelmi E, Pizza F, Lecendreux M, Dauvilliers Y, Plazzi G.
The clinical spectrum of childhood narcolepsy. Sleep Med Rev (2018) 38:70-85.
doi: 10.1016/j.smrv.2017.04.003

28. Hovi M, Heiskala H, Aronen ET, Saarenpdi-Heikkilda O, Olsen P,
Nokelainen P, et al. Finnish Children who experienced narcolepsy after receiving
the pandemrix vaccine during the 2009-2010 HIN1 pandemic demonstrated high
level of psychosocial problems. Acta Paediatr (2022) 111(4):850-8. doi: 10.1111/
apa.16233

29. Reading PJ. Update on narcolepsy. J Neurol (2019) 266:1809-15.
doi: 10.1007/s00415-019-09310-3

30. Mieda M, Sakurai T. Orexin (hypocretin) and narcolepsy. In: M Goswami,
M Thorpy and S Pandi-Perumal, editors. Narcolepsy: a clinical guide. Switzerland:
Springer International Publishing Switzerland (2016). p. 11-23. doi: 10.1007/978-
3-319-23739-8_2

31. Luo G, Ambati A, Lin L, Bonvalet M, Partinen M, Ji X, et al. Autoimmunity
to hypocretin and molecular mimicry to flu in type 1 narcolepsy. Proc Natl Acad Sci
US.A. (2018) 115(52):E12323-32. doi: 10.1073/pnas.1818150116

32. Vassalli A, Li S, Tafti M. Comment on "Antibodies to influenza
nucleoprotein cross-react with human hypocretin receptor 2". Sci Transl Med
(2015) 7(314):314le2. doi: 10.1126/scitranslmed.aad2353

33. Pugliese A. Autoreactive T cells in type 1 diabetes. J Clin Invest (2017) 127
(8):2881-91. doi: 10.1172/JCI94549

34. Gough SC, Simmonds MJ. The HLA region and autoimmune disease:
associations and mechanisms of action. Curr Genomics (2007) 8(7):453-65.
doi: 10.2174/138920207783591690

35. Ollila HM, Ravel JM, Han F, Faraco J, Lin L, Zheng X, et al. HLA-DPBI and
HLA class I confer risk of and protection from narcolepsy. Am ] Hum Genet (2015)
96(1):136-46. doi: 10.1016/j.ajhg.2014.12.010

36. Liblau RS. Put to sleep by immune cells. Nature (2018) 562(7725):46-8.
doi: 10.1038/d41586-018-06666-w

37. Pelin Z, Guilleminault C, Risch N, Grumet FC, Mignot E. HLA-DQB1*0602
homozygosity increases relative risk for narcolepsy but not disease severity in two
ethnic groups. US modafinil in narcolepsy multicenter study group. Tissue Antigens
(1998) 51(1):96-100. doi: 10.1111/j.1399-0039.1998.tb02952.x

38. Bomfim IL, Lamb F, Fink K, Szakacs A, Silveira A, Franzén L, et al. The
immunogenetics of narcolepsy associated with A(HIN1)pdm09 vaccination
(Pandemrix) supports a potent gene—environment interaction. Genes Immun
(2017) 18:75-81. doi: 10.1038/gene.2017.1

39. Sturkenboom MC. The narcolepsy-pandemic influenza story: can the truth
ever be unraveled? Vaccine (2015) 33 Suppl 2:B6-B13. doi: 10.1016/
j.vaccine.2015.03.026

40. Sarkanen T, Alakuijala A, Julkunen I, Partinen M. Narcolepsy associated
with Pandemrix vaccine. Curr Neurol Neurosci Rep (2018) 18(7):43. doi: 10.1007/
s11910-018-0851-5

41. Montplaisir ], Petit D, Quinn MJ, Ouakki M, Deceuninck G, Desautels A,
et al. Risk of narcolepsy associated with inactivated adjuvanted (AS03) A/HIN1
(2009) pandemic influenza vaccine in Quebec. PloS One (2014) 9(9):108489.
doi: 10.1371/journal.pone.0108489

42. Banzhoff A, Haertel S, Praus M. Passive surveillance of adverse events of an
MF59-adjuvanted HIN1v vaccine during the pandemic mass vaccinations. Hum
Vaccin (2011) 7(5):539-48. doi: 10.4161/hv.7.5.14821

43. Huang WT, Huang YS, Hsu CY, Chen HC, Lee HC, Lin HC, et al.
Narcolepsy and 2009 HIN1 pandemic vaccination in Taiwan. Sleep Med (2020)
66:276-81. doi: 10.1016/j.sleep.2018.10.036

44, Han F, Lin L, Warby SC, Faraco J, Li ], Dong SX, et al. Narcolepsy onset is
seasonal and increased following the 2009 HIN1 pandemic in China. Ann Neurol
(2011) 70(3):410-7. doi: 10.1002/ana.22587

45. Han F, Lin L, Li ], Dong XS, Mignot E. Decreased incidence of childhood
narcolepsy 2 years after the 2009 HIN1 winter flu pandemic. Ann Neurol (2013) 73
(4):560. doi: 10.1002/ana.23799

46. Oberle D, Drechsel-Biuerle U, Schmidtmann I, Mayer G, Keller-
Stanislawski B. Incidence of narcolepsy in Germany. Sleep (2015) 38(10):1619—
28. doi: 10.5665/sleep.5060

frontiersin.org


https://doi.org/10.1016/j.vaccine.2012.12.015
https://doi.org/10.1097/INF.0000000000002398
https://doi.org/10.1586/erv.11.192
https://doi.org/10.1038/s41541-021-00418-0
https://doi.org/10.1016/j.vaccine.2019.04.048
https://www.ema.europa.eu/en/documents/variation-report/pandemrix-h-c-832-ii-0061-epar-assessment-report-variation_en.pdf
https://www.ema.europa.eu/en/documents/variation-report/pandemrix-h-c-832-ii-0061-epar-assessment-report-variation_en.pdf
https://doi.org/10.4161/hv.27412
https://doi.org/10.4161/hv.27412
https://doi.org/10.1128/CVI.00480-10
https://doi.org/10.1080/21645515.2016.1168954
https://doi.org/10.1186/1471-2334-13-435
https://doi.org/10.4161/21645515.2014.972149
https://doi.org/10.1136/bmj.c2649
https://doi.org/10.1126/scitranslmed.aay8618
https://doi.org/10.1016/j.cell.2021.05.039
https://doi.org/10.1038/ni.3328
https://doi.org/10.1093/infdis/jiy721
https://doi.org/10.1016/S0140-6736(07)61297-5
https://doi.org/10.1038/s41541-018-0076-2
https://doi.org/10.1038/s41541-021-00337-0
https://doi.org/10.1016/S1473-3099(13)70046-X
https://doi.org/10.1093/infdis/jiu173
https://doi.org/10.1038/s41582-019-0226-9
https://doi.org/10.1111/ene.14888
https://doi.org/10.1016/j.smrv.2017.04.003
https://doi.org/10.1111/apa.16233
https://doi.org/10.1111/apa.16233
https://doi.org/10.1007/s00415-019-09310-3
https://doi.org/10.1007/978-3-319-23739-8_2
https://doi.org/10.1007/978-3-319-23739-8_2
https://doi.org/10.1073/pnas.1818150116
https://doi.org/10.1126/scitranslmed.aad2353
https://doi.org/10.1172/JCI94549
https://doi.org/10.2174/138920207783591690
https://doi.org/10.1016/j.ajhg.2014.12.010
https://doi.org/10.1038/d41586-018-06666-w
https://doi.org/10.1111/j.1399-0039.1998.tb02952.x
https://doi.org/10.1038/gene.2017.1
https://doi.org/10.1016/j.vaccine.2015.03.026
https://doi.org/10.1016/j.vaccine.2015.03.026
https://doi.org/10.1007/s11910-018-0851-5
https://doi.org/10.1007/s11910-018-0851-5
https://doi.org/10.1371/journal.pone.0108489
https://doi.org/10.4161/hv.7.5.14821
https://doi.org/10.1016/j.sleep.2018.10.036
https://doi.org/10.1002/ana.22587
https://doi.org/10.1002/ana.23799
https://doi.org/10.5665/sleep.5060
https://doi.org/10.3389/fimmu.2022.902840
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Buonocore and van der Most

47. Bollaerts K, Shinde V, Dos Santos G, Ferreira G, Bauchau V, Cohet C, et al.
Application of probabilistic multiple-bias analyses to a cohort- and a case-control
study on the association between Pandemrix"™ and narcolepsy. PLoS One (2016) 11
(2):e0149289. doi: 10.1371/journal.pone.0149289

48. Breuer T, Bauchau V, Poplazarova T, Stegmann JU. Thomas Breuer and
colleagues at GlaxoSmithKline respond to Peter Doshi. BMJ (2018) 363:k4116.
doi: 10.1136/bmj.k4116

49. Ercolini AM, Miller SD. The role of infections in autoimmune disease. Clin
Exp Immunol (2009) 155(1):1-15. doi: 10.111 1/j.1365-2249.2008.03834.x

50. Mahoney CE, Cogswell A, Koralnik IJ, Scammell TE. The neurobiological basis
of narcolepsy. Nat Rev Neurosci (2019) 20(2):83-93. doi: 10.1038/s41583-018-0097-x

51. Aran A, Lin L, Nevsimalova S, Plazzi G, Hong SC, Weiner K, et al. Elevated
anti-streptococcal antibodies in patients with recent narcolepsy onset. Sleep (2009)
32(8):979-83. doi: 10.1093/sleep/32.8.979

52. Lopes DA, Coelho FM, Pradella-Hallinan M, de Aratjjo Melo MH, Tufik S.
Infancy narcolepsy: Streptococcus infection as a causal factor. Sleep Sci (2015) 8
(1):49-52. doi: 10.1016/j.55¢i.2015.02.002

53. Picchioni D, Hope CR, Harsh JR. A case-control study of the environmental
risk factors for narcolepsy. Neuroepidemiology (2007) 29(3-4):185-92. doi: 10.1159/
000111581

54. Han F. Narcolepsy in China: When the east meets the west. Sleep Med
(2014) 15(6):605-6. doi: 10.1016/j.sleep.2014.03.002

55. Zhang Z, Gool JK, Fronczek R, Dauvilliers Y, Bassetti CLA, Mayer G, et al.
New 2013 incidence peak in childhood narcolepsy: More than vaccination? Sleep
(2021) 44(2):zsaal72. doi: 10.1093/sleep/zsaal72

56. Stowe J, Andrews N, Gringras P, Quinnell T, Zaiwalla Z, Shneerson J, et al.
Reassessment of the risk of narcolepsy in children in England 8 years after receipt
of the AS03-adjuvanted HIN1 pandemic vaccine: A case-coverage study. PLoS Med
(2020) 17(9):¢1003225. doi: 10.1371/journal.pmed.1003225

57. Van Effelterre T, Dos Santos G, Shinde V. Twin peaks: A/HIN1 pandemic
influenza virus infection and vaccination in Norway, 2009-2010. PLoS One (2016)
11(3):¢0151575. doi: 10.1371/journal.pone.0151575

58. Melén K, Partinen M, Tynell J, Sillanpdd M, Himanen S-L, Saarenpii-
Heikkila O, et al. No serological evidence of influenza A HIN1pdm09 virus
infection as a contributing factor in childhood narcolepsy after Pandemrix
vaccination campaign in Finland. PLoS One (2013) 8(8):e68402. doi: 10.1371/
journal.pone.0068402

59. Innis BL, Boutet P, Melén K, Partinen M, Tynell ], Sillanpdi M, Himanen S-
L, et al. No serological evidence of influenza a HIN1pdmo09 virus infection as a
contributing factor in childhood narcolepsy after pandemrix vaccination campaign
in Finland. PLoS One (2013) 8(8):¢68402. doi: 10.1371/journal.pone.0068402

60. Persson I, Granath F, Askling J, Ludvigsson JF, Olsson T, Feltelius N. Risks of
neurological and immune-related diseases, including narcolepsy, after vaccination
with Pandemrix: A population- and registry-based cohort study with over 2 years of
follow-up. J Intern Med (2014) 275(2):172-90. doi: 10.1111/joim.12150

61. Faraco J, Lin L, Rahbek Kornum B, Kenny EE, Trynka G, Einen M, et al.
ImmunoChip study implicates antigen presentation to T cells in narcolepsy. PloS
Genet (2013) 9(2):21003270. doi: 10.1371/journal.pgen.1003270

62. Hallmayer J, Faraco J, Lin L, Hesselson S, Winkelmann ], Kawashima M,
et al. Narcolepsy is strongly associated with the T-cell receptor alpha locus. Nat
Genet (2009) 41(6):708-11. doi: 10.1038/ng.372

63. Han F, Faraco J, Dong XS, Ollila HM, Lin L, Li ], et al. Genome wide analysis
of narcolepsy in China implicates novel immune loci and reveals changes in
association prior to versus after the 2009 HIN1 influenza pandemic. PloS Genet
(2013) 9(10):e1003880. doi: 10.1371/journal.pgen.1003880

64. Jiang W, Birtley JR, Hung SC, Wang W, Chiou SH, Macaubas C, et al. In
vivo clonal expansion and phenotypes of hypocretin-specific CD4+ T cells in
narcolepsy patients and controls. Nat Commun (2019) 10(1):5247. doi: 10.1038/
541467-019-13234-x

65. De la Herran-Arita AK, Kornum BR, Mahlios J, Jiang W, Lin L, Hou T, et al.
CD4+ T cell autoimmunity to hypocretin/orexin and cross-reactivity to a 2009
HIN1 influenza a epitope in narcolepsy. Sci Transl Med (2013) 5(216):216ral76.
doi: 10.1126/scitranslmed.3007762

66. De la Herran-Arita AK, Kornum BR, Mahlios J, Jiang W, Lin L, Hou T, et al.
Retraction of the research article: "CD4+ T cell autoimmunity to hypocretin/orexin
and cross-reactivity to a 2009 HIN1 influenza a epitope in narcolepsy". Sci Transl
Med (2014) 6(247):247rt1. doi: 10.1126/scitranslmed.3009995

67. Schinkelshoek MS, Fronczek R, Kooy-Winkelaar EMC, Petersen ], Reid HH,
van der Heide A, et al. HIN1 hemagglutinin-specific HLA-DQG6-restricted CD4+ T
cells can be readily detected in narcolepsy type 1 patients and healthy controls. J
Neuroimmunol (2019) 332:167-75. doi: 10.1016/j.jneuroim.2019.04.009

68. Cogswell AC, Maski K, Scammell TE, Tucker D, Orban ZS, Koralnik IJ.
Children with narcolepsy type 1 have increased T-cell responses to orexins. Ann
Clin Transl Neurol (2019) 6(12):2566-72. doi: 10.1002/acn3.50908

Frontiers in Immunology

10.3389/fimmu.2022.902840

69. Mignot E, Ambati A, Luo G. Response to "HIN1 hemagglutinin-specific
HLA-DQ6-restricted CD4+ T cells can be readily detected in narcolepsy type 1
patients and healthy controls". ] Neuroimmunol (2019) 333:476959. doi: 10.1016/
jjneuroim.2019.04.019

70. Latorre D, Kallweit U, Armentani E, Foglierini M, Mele F, Cassotta A, et al.
T Cells in patients with narcolepsy target self-antigens of hypocretin neurons.
Nature (2018) 562(7725):63-8. doi: 10.1038/541586-018-0540-1

71. Pedersen NW, Holm A, Kristensen NP, Bjerregaard AM, Bentzen AK,
Marquard AM, et al. CD8+ T cells from patients with narcolepsy and healthy
controls recognize hypocretin neuron-specific antigens. Nat Commun (2019) 10
(1):837. doi: 10.1038/s41467-019-08774-1

72. Deerhake ME, Barclay WE, Shinohara ML. Are neuropeptide-reactive T
cells behind narcolepsy? Immunity (2018) 49(5):796-8. doi: 10.1016/
jimmuni.2018.11.002

73. Han A, Glanville J, Hansmann L, Davis MM. Linking T-cell receptor
sequence to functional phenotype at the single-cell level. Nat Biotechnol (2014)
32(7):684-92. doi: 10.1038/nbt.2938

74. Bernard-Valnet R, Yshii L, Quéeriault C, Nguyen XH, Arthaud S, Rodrigues
M, et al. CD8 T cell-mediated killing of orexinergic neurons induces a narcolepsy-
like phenotype in mice. Proc Natl Acad Sci U S A (2016) 113(39):10956-61.
doi: 10.1073/pnas.1603325113

75. Tesoriero C, Codita A, Zhang MD, Cherninsky A, Karlsson H, Grassi-
Zucconi G, et al. HIN1 influenza virus induces narcolepsy-like sleep disruption and
targets sleep-wake regulatory neurons in mice. Proc Natl Acad Sci U S A (2016) 113
(3):E368-77. doi: 10.1073/pnas.1521463112

76. Bernard-Valnet R, Frieser D, Nguyen XH, Khajavi L, Quériault C, Arthaud
S, et al. Influenza vaccination induces autoimmunity against orexinergic neurons in
a mouse model for narcolepsy. Brain (2022) 145(6):2018-30. doi: 10.1093/brain/
awab455

77. Moris P, van der Most R, Leroux-Roels I, Clement F, Dramé M, Hanon E,
et al. H5N1 influenza vaccine formulated with AS03 4 induces strong cross-reactive
and polyfunctional CD4 T-cell responses. ] Clin Immunol (2011) 31(3):443-54.
doi: 10.1007/s10875-010-9490-6

78. Couch RB, Bayas JM, Caso C, Mbawuike IN, Lopez CN, Claeys C, et al.
Superior antigen-specific CD4+ T-cell response with AS03-adjuvantation of a
trivalent influenza vaccine in a randomised trial of adults aged 65 and older. BMC
Infect Dis (2014) 14:425. doi: 10.1186/1471-2334-14-425

79. Black SW, Kilduff TS. HIN1 infection of sleep/wake regions results in
narcolepsy-like symptoms. Proc Natl Acad Sci U.S.A. (2016) 113(3):476-7.
doi: 10.1073/pnas.1524150113

80. Planty C, Mallett CP, Yim K, Blanco JC, Boukhvalova M, March T, et al.
Evaluation of the potential effects of AS03-adjuvanted A(HIN1)pdm09 vaccine
administration on the central nervous system of non-primed and A(HIN1)pdm09-
primed cotton rats. Hum Vaccin Immunother (2017) 13(1):90-102. doi: 10.1080/
21645515.2016.1227518

81. Partinen M, Kornum BR, Plazzi G, Jennum P, Julkunen I, Vaarala O.
Narcolepsy as an autoimmune disease: The role of HIN1 infection and vaccination.
Lancet Neurol (2014) 13(6):600-13. doi: 10.1016/S1474-4422(14)70075-4

82. Schwartz M, Raposo C. Protective autoimmunity: A unifying model for the
immune network involved in CNS repair. Neuroscientist (2014) 20(4):343-58.
doi: 10.1177/1073858413516799

83. Masoudi S, Ploen D, Kunz K, Hildt E. The adjuvant component o-
tocopherol triggers via modulation of Nrf2 the expression and turnover of
hypocretin in vitro and its implication to the development of narcolepsy.
Vaccine (2014) 32(25):2980-8. doi: 10.1016/j.vaccine.2014.03.085

84. Tegenge MA, Mitkus RJ. A first-generation physiologically based
pharmacokinetic (PBPK) model of alpha-tocopherol in human influenza vaccine
adjuvant. Regul Toxicol Pharmacol (2015) 71(3):353-64. doi: 10.1016/
jyrtph.2015.02.005

85. Segal L, Wouters S, Morelle D, Gautier G, Le Gal J, Martin T, et al. Non-
clinical safety and biodistribution of AS03-adjuvanted inactivated pandemic
influenza vaccines. J Appl Toxicol (2015) 35(12):1564-76. doi: 10.1002/jat.3130

86. Jacob L, Leib R, Ollila HM, Bonvalet M, Adams CM, Mignot E. Comparison
of Pandemrix and Arepanrix, two pHIN1 AS03-adjuvanted vaccines differentially
associated with narcolepsy development. Brain Behav Immun (2015) 47:44-57.
doi: 10.1016/j.bbi.2014.11.004

87. Vaarala O, Vuorela A, Partinen M, Baumann M, Freitag TL, Meri S, et al.
Antigenic differences between AS03 adjuvanted influenza a (HIN1) pandemic
vaccines: implications for pandemrix-associated narcolepsy risk. PloS One (2014) 9
(12):e114361. doi: 10.1371/journal.pone.0114361

88. van der Most R, Buonocore SM, Innis BL. “Antibodies to influenza
nucleoprotein cross-react with human hypocretin receptor 2”, Ahmed et al. Sci
Transl Med (2015) 7:294ral05. https://stm.sciencemag.org/content/7/294/
294ral05/tab-e-letters

frontiersin.org


https://doi.org/10.1371/journal.pone.0149289
https://doi.org/10.1136/bmj.k4116
https://doi.org/10.1111/j.1365-2249.2008.03834.x
https://doi.org/10.1038/s41583-018-0097-x
https://doi.org/10.1093/sleep/32.8.979
https://doi.org/10.1016/j.slsci.2015.02.002
https://doi.org/10.1159/000111581
https://doi.org/10.1159/000111581
https://doi.org/10.1016/j.sleep.2014.03.002
https://doi.org/10.1093/sleep/zsaa172
https://doi.org/10.1371/journal.pmed.1003225
https://doi.org/10.1371/journal.pone.0151575
https://doi.org/10.1371/journal.pone.0068402
https://doi.org/10.1371/journal.pone.0068402
https://doi.org/10.1371/journal.pone.0068402
https://doi.org/10.1111/joim.12150
https://doi.org/10.1371/journal.pgen.1003270
https://doi.org/10.1038/ng.372
https://doi.org/10.1371/journal.pgen.1003880
https://doi.org/10.1038/s41467-019-13234-x
https://doi.org/10.1038/s41467-019-13234-x
https://doi.org/10.1126/scitranslmed.3007762
https://doi.org/10.1126/scitranslmed.3009995
https://doi.org/10.1016/j.jneuroim.2019.04.009
https://doi.org/10.1002/acn3.50908
https://doi.org/10.1016/j.jneuroim.2019.04.019
https://doi.org/10.1016/j.jneuroim.2019.04.019
https://doi.org/10.1038/s41586-018-0540-1
https://doi.org/10.1038/s41467-019-08774-1
https://doi.org/10.1016/j.immuni.2018.11.002
https://doi.org/10.1016/j.immuni.2018.11.002
https://doi.org/10.1038/nbt.2938
https://doi.org/10.1073/pnas.1603325113
https://doi.org/10.1073/pnas.1521463112
https://doi.org/10.1093/brain/awab455
https://doi.org/10.1093/brain/awab455
https://doi.org/10.1007/s10875-010-9490-6
https://doi.org/10.1186/1471-2334-14-425
https://doi.org/10.1073/pnas.1524150113
https://doi.org/10.1080/21645515.2016.1227518
https://doi.org/10.1080/21645515.2016.1227518
https://doi.org/10.1016/S1474-4422(14)70075-4
https://doi.org/10.1177/1073858413516799
https://doi.org/10.1016/j.vaccine.2014.03.085
https://doi.org/10.1016/j.yrtph.2015.02.005
https://doi.org/10.1016/j.yrtph.2015.02.005
https://doi.org/10.1002/jat.3130
https://doi.org/10.1016/j.bbi.2014.11.004
https://doi.org/10.1371/journal.pone.0114361
https://stm.sciencemag.org/content/7/294/294ra105/tab-e-letters
https://stm.sciencemag.org/content/7/294/294ra105/tab-e-letters
https://doi.org/10.3389/fimmu.2022.902840
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Buonocore and van der Most

89. Ahmed SS, Volkmuth W, Duca J, Corti L, Pallaoro M, Pezzicoli A, et al.
Antibodies to influenza nucleoprotein cross-react with human hypocretin receptor
2. Sci Transl Med (2015) 7(294):294ral05. doi: 10.1126/scitranslmed.aab2354

90. Melén K, Jalkanen P, Kukkonen JP, Partinen M, Nohynek H, Vuorela A,
et al. No evidence of autoimmunity to human OX; or OX, orexin receptors in
Pandemrix-vaccinated narcoleptic children. J Transl Autoimmun (2020) 3:100055.
doi: 10.1016/j.jtauto.2020.100055

91. Giannoccaro MP, Waters P, Pizza F, Liguori R, Plazzi G, Vincent A.
Antibodies against hypocretin receptor 2 are rare in narcolepsy. Sleep (2017) 40
(2):zsw056. doi: 10.1093/sleep/zsw056

92. Saariaho AH, Vuorela A, Freitag TL, Pizza F, Plazzi G, Partinen M, et al.
Autoantibodies against ganglioside GM3 are associated with narcolepsy-cataplexy
developing after Pandemrix vaccination against 2009 pandemic HIN1 type
influenza virus. ] Autoimmun (2015) 63:68-75. doi: 10.1016/j.jaut.2015.07.006

93. Overeem S, Geleijns K, Garssen MP, Jacobs BC, van Doorn PA, Lammers
GJ. Screening for anti-ganglioside antibodies in hypocretin-deficient human
narcolepsy. Neurosci Lett (2003) 341(1):13-6. doi: 10.1016/s0304-3940(03)00085-5

Frontiers in Immunology

14

10.3389/fimmu.2022.902840

94. Higgmark-Manberg A, Zandian A, Forsstrom B, Khademi M, Lima B I,
Hellstrom C, et al. Autoantibody targets in vaccine-associated narcolepsy.
Autoimmunity (2016) 49(6):421-33. doi: 10.1080/08916934.2016.1183655

95. Lind A, Marzinotto I, Brigatti C, Ramelius A, Piemonti L, Lampasona V. A/
HIN1 hemagglutinin antibodies show comparable affinity in vaccine-related
narcolepsy type 1 and control and are unlikely to contribute to pathogenesis. Sci
Rep (2021) 11(1):4063. doi: 10.1038/s41598-021-83543-z

96. Viste R, Lie BA, Viken MK, Rootwelt T, Knudsen-Heier S, Kornum BR.
Narcolepsy type 1 patients have lower levels of effector memory CD4+ T cells
compared to their siblings when controlling for HIN1-(Pandemrix™)-vaccination
and HLA DQBI1*06:02 status. Sleep Med (2021) 85:271-9. doi: 10.1016/
j.sleep.2021.07.024

97. Vuorela A, Freitag TL, Leskinen K, Pessa H, Hirkonen T, Stracenski I, et al.
Enhanced influenza a HIN1 T cell epitope recognition and cross-reactivity to
protein-O-mannosyltransferase 1 in Pandemrix-associated narcolepsy type 1. Nat
Commun (2021) 12(1):2283. doi: 10.1038/541467-021-22637-8

frontiersin.org


https://doi.org/10.1126/scitranslmed.aab2354
https://doi.org/10.1016/j.jtauto.2020.100055
https://doi.org/10.1093/sleep/zsw056
https://doi.org/10.1016/j.jaut.2015.07.006
https://doi.org/10.1016/s0304-3940(03)00085-5
https://doi.org/10.1080/08916934.2016.1183655
https://doi.org/10.1038/s41598-021-83543-z
https://doi.org/10.1016/j.sleep.2021.07.024
https://doi.org/10.1016/j.sleep.2021.07.024
https://doi.org/10.1038/s41467-021-22637-8
https://doi.org/10.3389/fimmu.2022.902840
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Narcolepsy and H1N1 influenza immunology a decade later: What have we learned?
	Introduction
	Context
	AS03-adjuvanted pandemic influenza vaccines
	NT1 immunopathogenesis

	Pharmacoepidemiological evidence
	Safety signal with Pandemrix
	Other adjuvanted H1N1 vaccines
	Role of natural infection

	Clinical and translational mechanistic research
	The T-cell etiology hypothesis
	Immunological research to evaluate the CD4+ T-cell etiology hypothesis
	Extending the CD4+ T-cell etiology hypothesis: non-clinical data
	Connecting the dots: the “two-hit” NT1 etiology hypothesis
	Alternative hypotheses

	Discussion
	Trademarks
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


