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Narcolepsy and A(HIN1)pdm09 vaccination
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Epidemiological data from several
European countries suggested an
increased risk of the chronic sleep disor-
der narcolepsy following vaccination with
Pandemrix™, an AS03-adjuvanted, pan-
demicA(HIN1)pdm09influenzavaccine.
Further research to investigate poten-
tial associations between Pandemrix™
vaccination, A(HIN1)pdmO09 influenza
infection and narcolepsy is required.
Narcolepsy is most commonly caused by
a reduction or absence of hypocretin pro-
duced by hypocretin-secreting neurons
in the hypothalamus, and is tightly asso-
ciated with HLA-II DQB1*06:02. Con-
sequently, research focusing on CD4*
T-cell responses, building on the hypoth-
esis that for disease development, T cells
specific for antigen(s) from hypocretin
neurons must be activated or reactivated,
is considered essential. Therefore, the
following key areas of research can be
identified, (1) characterization of hypo-
thetical narcolepsy-specific auto-immune
CD4* T cells, (2) mapping epitopes of
such T cells, and (3) evaluating poten-
tial mechanisms that would enable such
cells to gain access to the hypothalamus.
Addressing these questions could fur-
ther our understanding of the potential
links between narcolepsy and A(HINI)
pdmO09 vaccination and/or infection. Of
particular interest is that any evidence of
a mimicry-based mechanism could also
explain the association between narco-
lepsy and A(HIN1)pdm09 influenza

infection.
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Introduction

An increased risk of narcolepsy (a
chronic sleep disorder) following vac-
cination with Pandemrix™ was ini-
tially described in Finland, and then
in several other European countries."”
Pandemrix™ is an AS03-adjuvanted,
inactivated, detergent split-virion, pan-
demic A/California/7/2009 (A(HINT1)
pdm09) influenza vaccine manufactured
by GlaxoSmithKline Biologicals SA,
Dresden, Germany.®” Further research is
needed to determine whether the observed
risk is related to the vaccine, environ-
mental effects, genetic or other factors,
or a combination thereof, and to evaluate
whether there are biologically plausible
mechanisms by which vaccination with
Pandemrix™ could potentially have trig-
gered narcolepsy. As A(HINI)pdm09
influenza infections may also be linked
to increased narcolepsy incidence,® inves-
tigation of potential interactions between
infections and Pandemrix™ vaccination
should also be part of research efforts.

Narcolepsy as an Auto-lmmune
Disorder

Narcolepsy is characterized by excessive
daytime sleepiness, often accompanied by
cataplexy. The reduction or absence of the
wake-promoting neuropeptide hypocretin,
produced by hypocretin-secreting neurons
in the hypothalamus, is the most common
cause for narcolepsy-cataplexy.” An auto-
immune etiology for narcolepsy is likely,
considering its tight association with dis-
tinct Human Leukocyte Antigen (HLA)
I haplotypes, in particular for those
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carrying DQAT1*01:02-DQB1*06:02
(denoted DQO0602). DQO0602 is com-
monly expressed in the general popula-
tion, and present in over 98% of patients
with low cerebrospinal fluid (CSF)
hypocretin’ Other HLA subtypes, par-
ticularly DQB1*03:01, increase predis-
position in trans of DQB1*06:02, while
the presence of DQI subtypes other than
DQA1*01:02-DQB1*06:02 is protec-
tive.!”"  Other polymorphisms besides
HLA have been found to modulate dis-
ease predisposition, and in almost all cases
these also involve immune-related genes
implicated in other autoimmune dis-
eases. A significant association with single
nucleotide polymorphisms (SNPs) found
in the J region (which determines diver-
sity) of the locus encoding the a-chain of
the T-cell receptor (TCR) was found.'? As
the TCR-a/B heterodimer interacts with
peptide-carrying HLA, specific HLA 11—
TCR interactions likely play a key role
in disease. Further supporting a role of
the immune system are associations with
SNPs in genes involved in antigen pre-
sentation and T-cell activation (cathepsin
H and TNEFSF4) and in the purinergic
receptor P2Y (P2RY11) gene’ P2RY1I,
which is expressed in NK and CD8* T
cells, is involved in immune cell viability.
The search for auto-antibodies has
not yielded conclusive results. Antibodies
against Tribbles homolog 2 (TRIB2) were
found to be elevated in some narcolepsy
patients when compared with controls.’
TRIB2 is expressed, albeit not exclusively,
in hypocretin-secreting neurons. The role
of putative auto-antibodies is unclear, and
anti-TRIB2 antibody responses could
also be the result of neuronal damage
rather than having any causative role.”®
Importantly, irrespective of the role of
antibodies, the associations with DQ0602
and with SNDPs in the TCR indicate that
interactions between CD4* T cells and
DQO0602-restricted antigen presentation
are instrumental in pathogenicity.
Interacting genetic and  environ-
mental factors are typically involved in
autoimmune disease. In narcolepsy, the
latter likely include upper respiratory
tract infections such as influenza infec-
tions.*’ Indeed, it was observed in an
epidemiological study in China that the
onset of new narcolepsy cases was seasonal

www.landesbioscience.com

and increased in frequency following
the A(HIN1)pdm09 pandemic, with
frequencies returning to baseline in the
years thereafter.® Interestingly, genome-
wide analysis of narcolepsy cases in China
revealed differences in genetic associations
before and after 2009, most notably for
two different HLA-region SNPs. In addi-
tion, a lower proportion of DQB1*06:02
homozygotes was observed among
cases with disease onset after, relative to
before, the A(HIN1)pdm09 pandemic."
Influenza infections may, however, not be
a sole trigger for narcolepsy, since recent
data seem to suggest that children diag-
nosed with narcolepsy in 2010 in Finland
might not have had antibodies against
the A(HIN1)pdm09 NSI protein, which
might suggest that these children were not
exposed to the virus."” Streptococcal infec-
tion could also play a role, as antibodies
against streptolysin O are elevated in
patients with recent onset of narcolepsy.'®
These infections can lead to induction of
Th17 responses, which may affect blood-

brain barrier (BBB) integrity.”

Narcolepsy and A(HIN1)pdmO09
Vaccination: Avenues for
Research

Research approaches should be focused
on CD4*T-cell responses, considering the
strong association of narcolepsy with a
specific HLA class IT molecule, DQ0602.
The fact that the lag time between
A(HIN1)pdmO09 antigenic exposure and
the onset of narcolepsy symptoms can
+18 suggests that
pre-existing CD4* T cells are re-activated

be as short as a few days

in some cases. We therefore hypothesized
that two conditions must be met for nar-
colepsy to develop: T cells specific for
antigen(s) from hypocretin neurons must
be activated or reactivated, and certain
events must allow access of such aberrant
responses to the hypothalamus, where
hypocretin neurons reside. This hypoth-
esis was translated into three research
objectives (Fig. 1) with the aim to iden-
tify mechanisms by which Pandemrix™
A(HIN1)pdm09 antigens might have had
a role in triggering narcolepsy: (1) Which
are the hypothetical T cells that are linked
to disease, and how can they be detected?
(2) What are the antigenic targets of these
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T cells? And (3) how could any such
auto-immune responses gain access to the
CNS?

Addressing the first two questions
involves characterization of the hypotheti-
cal auto-immune CD4* T cells and the epi-
topes recognized by these cells, by sequence
analysis of the TCRs and mapping the anti-
genic targets of such T cells, respectively.
Addressing the third question involves
studying potential changes in BBB integrity
and immune cell migration into the CNS
following vaccination with Pandemrix™
and/or infection with A(HINI1)pdmO09
virus using animal models.

Molecular mimicry vs. bystander
activation

A potential link between narcolepsy-
specific, auto-immune CD4* T cells
and A(HIN1)pdmO09 influenza could be
explained by two mechanisms: molecu-
lar mimicry or bystander activation.
Molecular mimicry implies that func-
tional similarity exists between epitopes
of antigens derived from hypocretin neu-
rons, and the vaccine or virus-derived
A(HINI)pdm09 peptides binding to the
same alleles. The similarity could lead to
cross-reactive responses following anti-
genic exposure. Bioinformatics analyses
revealed no significant sequence homol-
ogy between the vaccine A(HIN1) pdm09
haemagglutinin (HA) and neuraminidase
(NA), and hypocretin and TRIB2 from
hypocretin neurons (unpublished results).
However, it has been shown that foreign
antigens sharing only key sequences and/
or structural features with self-antigens
could activate auto-reactive T cells, as
observed for an Epstein-Barr virus epit-
ope which stimulated T cells specific for
a myelin basic protein epitope.”” This sug-
gests thatin the case of functional mimicry,
bioinformatics analysis alone might not be
able to identify potentially cross-reactive
epitopes: functional cross-reactivity might
exist that is not obviously detectable by
sequence comparison, using current tools.
Interestingly, recent results from Davis
and colleagues indicate that TCR cross-
reactivity in CD4* T-cell responses could
be an important driver shaping the rep-
ertoire and could be a more widespread
phenomenon.?

In contrast, bystander activation

would involve the non-specific activation
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periphery

T-cell identification:
deep sequencing
of human TCR

Antigen
characterization:

Access to the hypothalamus

brain

Potential co-factors
e.g. infections
(Streptococcus, influenza),...

epitope mapping
(human PBMC)

BBB disruption / CNS damage
(cotton rats)

r’ r
Antibodies r )’

Narcolepsy:
damage to hypocretin-

secreting neurons

Figure 1. Narcolepsy pathogenesis model underpinning the research approach. The hypothesized model for narcolepsy pathogenesis is shown at the
peripheral level (left panel) and in the brain (right panel). The antigen (indicated by red dots) is presented by antigen-presenting cells to CD4* T cells
through HLA-TCR interaction (left panel). Narcolepsy results from damage to hypocretin-secreting neurons, which could be triggered by auto-immune
CD4* T cells and/or antibodies (right panel). Grey balloons indicate the research objectives addressing the three key questions. TCR, T-cell receptor; HLA,
human leucocyte antigen; PBMC, peripheral blood mononuclear cells; BBB, blood-brain barrier; CNS, central nervous system; APC, antigen-presenting

cells.

of pre-primed auto-reactive T cells that
are not antigenically linked to the pre-
sented epitope(s), with stimulation occur-
ring through immune system activation
induced by infection and/or vaccination.
In chis case, T cells “seeing” something
completely different are activated anyway.
An argument against bystander activation
is that the observed safety signal follow-
ing Pandemrix™ vaccination was limited
to narcolepsy, with no increased risks of
other immune-mediated diseases such as
type 1 diabetes or celiac disease in chil-
dren,>%
tory rheumatic disease.??

Considering the HLA association and
the specificity of the TCR-a repertoire
responses required for pathogenicity,” as

or of exacerbation of inflamma-

well as the unknown effects of genetic
background on disease, there is no ani-
mal model that can accurately reproduce
‘acquired’ narcolepsy.” Analysis of human
peripheral  blood mononuclear  cells
(PBMC) from DQB1*06:02* narcolepsy
patients, and from HLA-matched, healthy
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recipients of Pandemrix™ as controls, is
therefore considered to be essential.

Finding the hypothetical T cells
that are linked to narcolepsy: TCR
sequencing

The association with HLA and the
presence of SNPs in the TCR a-chain
suggest that specific CD4* T-cell clone(s)
could play a key role in disease. The hall-
mark of T-cell specificity is its TCR a/3
sequence.  Therefore,  disease-specific
CD4* T cells could be identified through
their unique TCR sequences. The cur-
rent ideal tool for TCR identification is
the novel technology of massive paral-
lel (‘deep’) sequencing,?
comparison between TCR repertoires. By

which allows a

comparing TCR repertoires from patients
and healthy, HLA-matched controls, a
unique, narcolepsy-specific TCR, pres-
ent in patients but not in controls, could
potentially be identified and this would be
an important biomarker for disease.

If a narcolepsy-specific TCR signature
were found in patients, it would be of
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considerable interest to determine whether
the CD4* T cells carrying the signature
are specific for A(HIN1)pdm09 influenza
antigens in the vaccine and/or the virus
itself. Should the latter be the case, then
this would support a mechanism based
on molecular mimicry: narcolepsy-asso-
ciated TCR signature-positive CD4* T
cells could respond to influenza antigens.
The specificity for A(HIN1)pdm09 vac-
cine antigens can be studied by expanding
CD4* T cells from patients and healthy
controls with these antigens, followed by
evaluating whether this specific TCR sig-
nature can be detected in the influenza-
specific CD4* T cells.

Finding the antigenic targets: Epitope
mapping

The importance of the DQ0602 asso-
ciation suggests that epitopes presented by
this DQ subtype could play a critical role.
As functional molecular mimicry requires
only limited sequence identity and can
be based on structural similarities,'”® it
would be important to map experimentally
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any DQO0602-restricted epitopes from
A(HINI1)pdm09 influenza proteins and
selected proteins from hypocretin neurons.

Identification of putative cross-reactive
peptides involves: (1) in vitro mapping of
peptides binding to DQO0602, (2) con-
firmation of CD4* T-cell activation by
these peptides and (3) evaluation of any
cross-reactivity between A(HIN1)pdm09
influenza peptides and peptides from
hypocretin neurons. Proteins of interest
are A(HIN1)pdm09 HA, NA, and PBI,
and proteins from hypocretin neurons®
including hypocretin itself.

The potential identification of DQ0602-
restricted epitopes in proteins from hypo-
cretin neurons would allow for further
cross-reactivity analysis, which could be
performed by in vitro T-cell stimulation
experiments or by using HLA class I tetra-
mers (synthetic, tetrameric HLA II-peptide
complexes that are used to visualize anti-
gen-specific T cells by flow cytometry).?
This method would also allow phenotypic
characterization of any auto-immune CD4*
T cells. Of specific interest is the cytokine
profile of such T cells, as Th17 cells (a
CD4" T-cell lineage characterized by IL-17,
IL-22 and GM-CSF expression) have been
linked to changes in the BBB integrity and
auto-immune diseases.!”

Successful identification of cross-reac-
tive, ‘mimicry-type’ CD4* T-cell responses
will make CD4* T cells the research focal
point and could also elucidate a potential
role of the AS03 adjuvant. AS03 has been
shown to enhance CD4* T-cell responses
to A(HIN1)pdm09 vaccine antigens.® If
mimicry is a reality, then potential cross-
reactive CD4* T cells could potentially be
boosted as well.

If responses against proteins from hypo-
cretin neurons are detected but cannot be
linked to HA, NA or PBI epitopes, then
other proteins from influenza virus or from
hypocretin neurons may be involved (either
instead of, or in addition to the molecules
assessed) or, alternatively, a bystander effect
could be considered.

Immune response access to the
hypothalamus

Even if infection and/or vaccination

T-cell

responses through mimicry or bystander

would stimulate auto-immune

activation, the question how any aber-
rant immune responses might gain access
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to the hypothalamus remains unan-
swered. Potential research approaches to
this question are limited by the lack of
a suitable animal model for narcolepsy.
Nevertheless, the question of how this
access might be enabled can, in part, be
addressed by evaluating whether vaccina-
tion and/or infection leads to any changes
in BBB integrity and/or any inflamma-
tory and/or cellular changes in the CNS.
A model of particular interest to be used
for these experiments is the cotton rat, as
this species can be infected by A(HINI)
pdm09 influenza virus*® while allowing
practical CNS histopathological investi-
gations. Thus, immune cell infiltration,
microglial cell activation, BBB integrity
(by investigating the potential vascular
leakage of albumin using immunohisto-
chemistry on brain sections), potential
loss of hypocretin-secreting neurons and
potential decrease of the CSF hypocretin
level can be assessed in these animals fol-
lowing vaccination and/or infection with
A(HIN1)pdm09 influenza virus.

In conclusion, completing the research
outlined here could further our under-
standing of the possible mechanistic links
between narcolepsy and A(HIN1)pdm09
vaccination and/or infection. If dem-
onstrated, evidence of a mimicry-based
mechanism could also explain the asso-
ciation between narcolepsy and A(HINI)
pdm09 influenza infection.

Key Messages

. Epidemiological studies have
observed an increased risk of narcolepsy
following vaccination with the AS03-
adjuvanted A(HINI1)pdm09 influenza
vaccine Pandemrix™.

. Research is being supported
and conducted to elucidate the putative
association between Pandemrix™ vacci-
nation, A(HIN1)pdm09 influenza infec-
tion, and narcolepsy.

. Research  approaches  follow
a multi-tiered approach, and include
experiments that utilize human periph-
eral blood mononuclear cells (PBMC) as
well as an animal model.

. Research objectives focus on (1)
isolation and characterization of hypo-

thetical CD4* T cells that are linked to

the development of narcolepsy, using

Human Vaccines & Immunotherapeutics

TCR deep sequencing, (2) mapping anti-
genic targets (epitopes) of these T cells,
and (3) evaluating potential mechanisms
that would enable such cells to gain
access to the hypothalamus, where hypo-
cretin neurons reside.
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