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Despite the very high benefit-to-risk ratio of vaccines, the 
fear of negative side effects has discouraged many people 
from getting vaccinated, resulting in the reemergence of 
previously controlled diseases such as measles, pertussis 
and diphtheria. This fear has been amplified more recently 
by multiple epidemiologic studies that confirmed the 
link of an AS03-adjuvanted pandemic influenza vaccine 
(Pandemrix®, GlaxoSmithKline Biologicals, Germany) used in 
Europe during the 2009 H1N1 influenza pandemic [A(H1N1)
pdm09] with the development of narcolepsy, a chronic 
sleep disorder, in children and adolescents. However, public 
misperceptions of what adjuvants are and why they are used 
in vaccines has created in some individuals a closed “black 
box” attitude towards all vaccines. The focus of this review 
article is to revisit this “black box” using the example of 
narcolepsy associated with the European AS03-adjuvanted 
pandemic influenza vaccine. 
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V accines are a key component of preventive medicine, and 
delays in vaccine uptake because of rare adverse events 

need to be balanced with the larger infection-associated mor-
bidity and mortality in the general population not receiving 
the vaccine. Infrequent and delayed adverse events can arise 
in genetically susceptible subjects after adjuvanted (and non-
adjuvanted) vaccine administration [1] as well as in individu-
als acquiring natural infection. Public misperceptions of what 
adjuvants are and why they are used in vaccines has created 
in some individuals a closed “black box” attitude towards all 
vaccines [2]. Using carefully designed studies that decipher the 
mechanism of action of rare adverse events as well as large-
scale epidemiologic studies in human populations, it should be 
possible to develop vaccines (adjuvanted and non-adjuvanted) 
that minimize, if not eliminate, rare or delayed adverse events 

including immune-mediated diseases. It should also be appre-
ciated that associations will occur with the additional contribu-
tion of factors unrelated to vaccination. These factors include 
environment, diet, and age-related changes in the immune 
system, and conditions associated with triggering autoimmune 
disease in susceptible subjects (such as pregnancy or exposure 
to natural infections). 

More than 1300 cases of vaccine-associated narcolepsy 
have been spontaneously reported to the EMA Eudravigilance 
database [3] as of January 2015 associated with an AS03-
adjuvanted influenza vaccine manufactured in Europe that 
was distributed to more than 30.5 million people in European 
Union/European Economic Area countries (EU/EEA) during 
A(H1N1)pdm09 [4]. Subsequent epidemiologic studies and 
scientific investigations exploring the immunological mecha-
nism that may have contributed to the development of narco-
lepsy with the European AS03-adjuvanted influenza vaccine 
have yielded valuable insights. Both approaches have helped 
vaccine manufacturers and regulatory agencies to (i) focus 
on the factors that most likely could contribute to the risk of 
immune-mediated diseases with vaccines, and (ii) identify the 
path forward for the development of even safer vaccines (with 
and without adjuvants). These same factors should also serve 
as a reminder to the public that avoiding vaccination is not a 
solution because of the risk of developing immune-mediated 
diseases by acquiring natural infection in addition to the mor-
bidity and mortality associated with infection. Indeed, Toll-like 
receptors (TLRs) involved in the recognition and defense of 
the host from invading microorganisms are also suggested to 
play a critical role in the pathogenesis of autoimmune diseases 
[5]. Inappropriate stimulation or defective regulation of these 
pattern-recognition receptors has been evidenced in inherited 
inflammatory disorders [6].

EPIDEMIOlOGIC STuDIES OF VACCInE-ASSOCIATED nARCOlEPSY
Older epidemiologic studies with a follow-up of 16 to 18 years in 
18,000 subjects receiving the influenza virus vaccine (adjuvanted 
with light mineral oil) demonstrated no increased risk of allergic 
and autoimmune diseases [7]. However, in 2012, observational 
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studies in Finland and the combined counties of Sweden 
reported an association between narcolepsy and vaccination 
with a European A(H1N1)pdm09 vaccine adjuvanted with 
AS03, an oil-in-water based emulsion [8]. At that time, the lack 
of increased reporting of narcolepsy in Norway, UK, Germany 
and Canada, where 3.5 million children/adolescents were 
vaccinated with Pandemrix®(GlaxoSmithKline Biologicals, 
Germany), and an analysis showing no cases of narcolepsy in 
recipients of an A(H1N1)pdm09 vaccine (Focetria®, Novartis 
Vaccines and Diagnostics, Italy) containing a different oil-in-
water adjuvant, MF59 [9], most likely contributed to the caution 
applied by regulatory agencies in interpreting these single obser-
vational studies as having defined a causal relationship between 
vaccination and the identified safety signal of narcolepsy. 

However, with larger epidemiologic studies, Ireland in 2012, 
England in 2013, Norway in 2013 and France in 2013 confirmed 
the association of narcolepsy in children and adolescents receiv-
ing the European AS03-adjuvanted pandemic influenza vaccine 
[8]. The vaccine-attributable risk estimates from the UK and 
Finnish studies ranged between one in 16,000 doses to one in 
50,000 doses [10]. These epidemiologic studies in influenza 
demonstrated that rare immune-mediated adverse events such 
as narcolepsy associated with the European AS03-adjuvanted 
A(H1N1)pdm09 vaccine can be identified and require an 
understanding of the background occurrence of those events 
and the time needed for the clinical symptoms to manifest in 
order to enable signal detection despite biases (e.g., increased 
reporting that could be introduced later through increased 
media attention). Some of these recent epidemiologic studies 
additionally identified cases of narcolepsy developing in non-
vaccinated subjects who acquired influenza illness and also in 
subjects receiving non-adjuvanted seasonal influenza vaccines 
(to be discussed in greater detail), which should serve as a hint 
that, at least for narcolepsy, the adjuvant AS03 by itself was not 
likely responsible for disease development.

ROlE OF ThE ADJuVAnT?
To date, no increased risk has been reported for the MF59-
adjuvanted A(H1N1)pdm09 vaccine, of which an estimated 
6.5 million doses were distributed in the EU/EEA and 25 
million doses were used in Europe and Latin America [11], 
leading to the initial speculation that the AS03 adjuvant was 
the only factor responsible for triggering narcolepsy and has 
contributed to the closed “black box” attitude towards adju-
vants in general. However, accumulating observations suggest 
that this adjuvant-only speculation is a misperception. First, in 
China, where vaccine uptake is less than 2% of the population, 
cyclical occurrences of narcolepsy cases was observed from 
1996 to 2008 following seasonal influenza infections. Also, a 
threefold increase in narcolepsy was observed in children 6 
months following infection with A(H1N1)pdm09 virus [12]. 
Second, a report from England in 2014 that examined 75 sub-

jects developing narcolepsy between 2008 and 2011 showed 
disease development after seasonal influenza vaccine (without 
adjuvant), after AS03-adjuvanted pandemic influenza vaccina-
tion, as well as with influenza illness [13]. 

In Canada, an estimated 12 million doses of another AS03-
adjuvanted pandemic vaccine (Arepanrix®, GlaxoSmithKline 
Biologicals, Canada) were administered [14] and a lower 
association with narcolepsy was reported [15] compared to 
the AS03-adjuvanted A(H1N1)pdm09 vaccine (Pandemrix) 
used in Europe. In Canada, different manufacturing steps were 
followed in preparing the vaccine, which may have resulted in 
several differences between the vaccine antigen preparations 
despite using the same adjuvant AS03. This association with 
antigen-induced complications, rather than the presence or 
absence of adjuvant or composition of adjuvant, is echoed in a 
recent publication [16]. Investigators identified a mechanism 
by which molecular mimicry to a vaccine influenza antigen 
present in higher amounts in the European AS03-adjuvanted 
A(H1N1)pdm09 vaccine may have triggered a cross-reactive 
immune response to receptors in the brain known to be 
involved in sleep regulation and narcolepsy [16]. These findings 
are consistent with the previously mentioned observations and 
support the concept that vaccine-associated narcolepsy is not 
due solely to the characteristics of the adjuvant. The following 
section will briefly review narcolepsy; subsequent sections will 
discuss in greater detail the significance of vaccine-associated 
narcolepsy seen with the European AS03-adjuvanted A(H1N1)
pdm09 vaccine [16]. 

nARCOlEPSY
Narcolepsy is a chronic disorder presenting with excessive 
daytime sleepiness, and its variant with cataplexy (a transient 
loss of muscle tone triggered by strong emotional stimuli) is 
tightly associated with HLA-DQB1*0602 [17]. Investigations 
in patients with narcolepsy-cataplexy revealed that in a major-
ity of patients the neuropeptide hypocretin [18] is deficient 
in the cerebrospinal fluid. In the few postmortem brain stud-
ies conducted, investigators identified a loss of hypothalamic 
cells [19,20]. This neuropeptide hypocretin (HCRT) is also 
known by the term orexin [21]. To date, the exact mechanism 
culminating in the loss of HCRT-producing cell bodies of 
the perifornical lateral hypothalamus in narcoleptic patients 
remains unclear. 

Investigations in animals demonstrated that dogs with 
hereditary narcolepsy have a mutation in the HCRT receptor 2 
gene [22]. Murine models recapitulating the human narcolepsy 
phenotype can be observed with a loss of function of the HCRT 
receptor 2 [23] or the preprohypocretin gene [24] as well as 
with genetic ablation of HCRT neuron [25]. These findings 
related to the HCRT receptor 2 in canine and murine narco-
lepsy may be important clues to understanding human nar-
colepsy. In humans, another idiopathic sleep disorder termed 
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hypocretin receptor 2 fragment located in the external domain 
of this receptor in the human brain. This highly conserved NP 
peptide could explain the cyclical associations of narcolepsy 
with seasonal influenza infection in China [12] in the past 
decade. All of these earlier influenza strains contained the same 
nucleoprotein fragment. 

The proposed mechanism for influenza infection/pan-
demic vaccine-associated narcolepsy is as follows: In subjects 
with genetic susceptibility to narcolepsy (carriers of the HLA 
DQB1*0602 haplotype), the presentation of NP antigen during 
infection or after immunization with adjuvanted influenza vac-
cines containing optimum amounts of NP generate high titers 
of NP antibodies that can persist in the systemic circulation. 
Either the high titers of NP antibodies or inflammation related 
to an unrelated infection (e.g., Streptococcus) may alter the 
blood-brain barrier [32], allowing NP antibodies to cross-react 
with neural tissue expressing HCRT receptors. Binding of the 
HCRT receptor with cross-reacting NP antibody could inhibit 
HCRT ligand-receptor interaction and additionally modulate 
signaling to the cells responsible for producing HCRT. This 
modulation in signaling may contribute to the disappearance 
of these HCRT-producing cells, as has been reported to occur 
in pathologic investigations of narcoleptic brains [20]. 

DOWnSTREAM EVEnTS TRIGGERED BY AnTIBODIES TO hCRT 
RECEPTOR 2
HCRT receptor 2 dysregulation through binding of cross-reac-
tive autoantibodies finds similarities in another anti-receptor-
mediated neurological autoimmune disease in which autoan-
tibodies target the acetylcholine receptor, namely myasthenia 
gravis [33]. These cross-reactive antibodies in myasthenia 
gravis lead to functional consequences resulting in clinical 
disease. What is interesting is that the published influenza NP 
mimic peptide aligns with residues 34–45 of HCRT receptor 2. 
This region corresponds to the N-terminal region of the canine 
HCRT receptor 2 in which a single amino acid substitution of 
glutamic acid with lysine at residue 54 abolishes HCRT binding 
in Dachshunds afflicted with narcolepsy [34]. Since both HCRT 
receptors 1 and 2 are highly conserved across mammalian spe-
cies [21], the binding of a cross-reactive antibody to this region 
in humans could similarly modulate HCRT signaling through 
HCRT receptor 2. However, the effects of cross-reactive anti-
bodies may not be limited only to the HCRT receptor 2-express-
ing targets that receive neuronal projections from hypothalamic 
HCRT-producing cells. In transgenic mice studies published in 
2010, investigators demonstrated direct and indirect activation 
of HCRT-producing neurons by HCRT via the HCRT receptor 
2 [35]. Detailed immunoelectron microscopic analyses along 
with three-dimensional reconstruction of the HCRT-producing 
neurons demonstrated direct contacts among these neurons, 
suggesting that connections between HCRT-producing neu-
rons form a positive-feedback circuit. The recently published 

excessive daytime sleepiness has been linked by single-stranded 
conformational polymorphism analysis to an HCRT receptor 
2 coding variant resulting in a Pro11Thr change that impaired 
HCRT ligand binding-related signaling [26]. These findings 
suggest that alterations in HCRT ligand or its receptors can 
disrupt neurotransmission and may play a key role in sleep-
related disorders, including narcolepsy.

Epidemiological observations suggest that half of all adult 
narcoleptic patients report disease onset before the age of 15 
years [27]. A report from China demonstrated that 70% of 
narcoleptic patients had disease onset before age 10, while in 
15% onset occurred before 6 years of age [27]. The population 
prevalence in China is 0.034% and is similar to the reported 
prevalence rates in North America and Europe [27]. The delay 
between onset and diagnosis can be more than 10 years [28] 
but is reduced to only a few years when disease onset occurs in 
childhood [29]. 

hYPOThESIZED MEChAnISM FOR VACCInE-ASSOCIATED 
nARCOlEPSY 
A recent publication [16] has demonstrated an increased 
frequency of antibodies to HCRT receptor 2 in sera obtained 
from narcoleptic patients with a history of vaccination with 
the European AS03-adjuvanted A(H1N1)pdm09 vaccine, 
Pandemrix. These antibodies were cross-reactive with a 
particular fragment in influenza nucleoprotein (NP), one of 
the influenza proteins contained in the virus used to make 
vaccines. Mass spectrometry of seasonal influenza vaccines 
detected the lowest amounts of nucleoprotein in the seasonal 
influenza subunit vaccine Agrippal® (Novartis Vaccines and 
Diagnostics, Italy) and its MF-59 adjuvanted formulation, 
Chiromas® (Novartis, Italy). Comparing A(H1N1)pdm09 
vaccines, mass spectrometry demonstrated greater quantities 
of NP in Pandemrix compared to Arepanrix, in agreement with 
two other studies [30,31], and only trace quantities of NP in 
Focetria (similar to the trace amounts detected in Agrippal and 
Chiromas that are manufactured using similar subunit vaccine 
purification steps). Detailed time-point analyses of the immune 
response in three non-influenza-exposed subjects immunized 
with Focetria in 2009 demonstrated that the trace amounts of 
NP in Focetria would not elicit durable NP antibody responses 
necessary for subsequent cross-reactivity to HCRT receptor 2. 

Thus, the differences between the European AS03-
adjuvanted A(H1N1)pdm09 vaccine and the MF59-adjuvanted 
A(H1N1)pdm09 vaccine related to influenza nucleoprotein 
content and the respective immune response that would be 
triggered by increased amounts of nucleoprotein may explain 
the association of narcolepsy with Pandemrix-vaccinated 
subjects. In the presence of optimum amounts of total influenza 
nucleoprotein (containing the cross-reactive fragment), the 
adjuvant would most likely have boosted the immune response, 
generating higher amounts of antibodies cross-reacting with the 
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sufficiently mutated so that its similarity to the human HCRT 
receptor is lost. This would enable vaccine manufacturers to 
continue using their preferred technology for producing their 
specific influenza vaccine (i.e., live-attenuated, inactivated 
split-virion, or inactivated subunit). 

While the recombinant influenza vaccine produced in a 
continuous insect cell line and licensed in 2013 only contains 
influenza hemagglutinin (HA) [39], it is not approved for use in 
people under the age of 18 years. When such HA-only vaccines 
receive approval for younger ages, yet another possible solution 
to the problem of vaccine-associated narcolepsy (mediated by 
cross-reactivity to a fragment of influenza nucleoprotein) will 
be within reach. However, any advantages (i.e., generation of 
cross-clade protection/development of a “universal” influenza 
vaccine) afforded by other epitopes contained in the highly 
conserved influenza nucleoprotein or other non-HA influenza 
proteins would not be retained in HA-only vaccines. 

The lessons from the narcolepsy cases related to A(H1N1)
pdm09 are instructive. We trust that the ongoing collaborative 
efforts of academic researchers, vaccine manufacturers and 
regulatory agencies [40] will rebuild the public trust in the 
safety of both adjuvanted and non-adjuvanted influenza 
vaccines. 
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Malnutrition in children is a persistent challenge that is 
not always remedied by improvements in nutrition. This is 
because a characteristic community of gut microbes seems 
to mediate some of the pathology. Human gut microbes can 
be transplanted effectively into germ-free mice to recapitulate 
their associated phenotypes. Using this model, Blanton et al. 
(Science 2016; 351: 10.1126/science.aad3311) found that the 
microbiota of healthy children relieved the harmful effects on 
growth caused by the microbiota of malnourished children. 

In infant mammals, chronic undernutrition results in growth 
hormone resistance and stunting. In mice, Schwarzer et al. 
(Science 2016; 351: 854) showed that strains of Lactobacillus 
plantarum in the gut microbiota sustained growth hormone 
activity via signaling pathways in the liver, thus overcoming 
growth hormone resistance. Together these studies reveal that 
specific beneficial microbes could potentially be exploited to 
resolve undernutrition syndromes.
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Microbiota and infant development

“All we are saying is give peace a chance”
John Lennon (1940-1980), English singer and songwriter who rose to worldwide fame as a co-founder of the Beatles, the most 

commercially successful band in the history of popular music. With fellow member Paul McCartney, he formed a celebrated song-
writing partnership. Controversial through his political and peace activism, his criticism of the Vietnam War  

resulted in a lengthy attempt by Richard Nixon’s administration to deport him, while some of his songs  
were adopted as anthems by the anti-war movement and the larger counterculture.




