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Coronavirus disease 2019 (COVID-19) represents a global healthcare crisis that has led to morbidity and
mortality on an unprecedented scale. While studies on COVID-19 vaccines are ongoing, the knowledge
about the reactogenic symptoms that can occur after vaccination and its generator mechanisms can be
critical for healthcare professionals to improve compliance with the future vaccination campaign.
Because sleep and immunity are bidirectionally linked, sleepiness or sleep disturbance side effects re-
ported after some of the COVID-19 vaccines advise an academic research line in the context of physio-
logical or pathological neuroimmune interactions. On the recognized basis of inflammatory regulation of
hypothalamic neurons in sickness behavior, we hypothesized that IL-1B, INF-y and TNF-o pro-
inflammatory cytokines inhibit orexinergic neurons promoting sleepiness after peripheral activation of
Reactogenicity the innate immune system induced by the novel COVID-19 vaccines. In addition, based on knowledge of
Narcolepsy previous vaccines and disease manifestations of SARS-CoV-2 infection, it also suggests that narcolepsy
Sleep must be included as potential adverse events of particular interest to consider in pharmacovigilance
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studies.
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has led to
more than 434 million confirmed cases and more than 5 million
deaths. Afterward, global efforts focus on developing safe and
efficacious vaccines for its prevention [1]. Currently, there are a few
provisionally licensed vaccines against COVID-19, 146 candidate
vaccines in clinical development, and another 195 candidate vac-
cines in preclinical development. Especially in protein subunit,
DNA, RNA- or viral vector-based vaccines, which platforms offer the
potential of rapid development during a pandemic but represent a
major challenge for science and medicine [2]. As of 27 February
2022, a total of 10,585,766,316 vaccine doses have been adminis-
tered [1]. Although the COVID-19 crisis is a global emergency, the
benefits versus the risks of vaccination put a large emphasis on
safety because vaccinating large numbers of healthy people have a
significant ethical implication. The broader term ‘safety’ profile
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refers to all adverse events that could potentially be caused/trig-
gered or worsened at any time after vaccination, such as anaphy-
lactic reactions, diseases diagnosed after vaccination, and
autoimmune events [3]. However, to trigger an effective adaptive
immune response by vaccine antigen, a certain level of inflamma-
tion is necessary. Hence, the subset of local reactions that occur
soon after vaccination (pain, redness, swelling or induration at the
injection site) and systemic symptoms, such as fever, myalgia,
headache, malaise, or sickness behaviors syndrome, are defined as
reactogenicity [4]. These symptoms represent a physical manifes-
tation of the inflammatory response to vaccination, typically higher
after a second dose [5]. The brain processes information generated
by the innate immune system through cytokine signaling [6,7]. In
particular, reactogenic systemic symptoms such as hypersomno-
lence and reduced sleep quality could suggest destabilized arousal
states. Nevertheless, the studies assessing sleep alterations after
vaccination are limited [7,8].

On the other hand, reactogenicity symptoms are an outworking
of the expected immune response that occurs in response to
vaccination. Interestingly, an association between reactogenic fever
and SARS-CoV-2 antibodies after the second dose of the BNT162b2
COVID-19 vaccine has been reported [9]. But balancing the
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beneficial and detrimental effects of these inflammatory events is
necessary to keep reactogenicity at clinically acceptable levels [4].
Current analysis of COVID-19 homologous and heterologous
vaccination schedules has shown a manageable reactogenicity
profile [10—12].

A brief outline of sleep response in the context of COVID-19
vaccination provides some information about the frequent occur-
rence of sleepiness after its administration [12—16]. Then, consid-
ering that orexin (Ox) hypothalamic neurons are the key brain
substrate controlling wakefulness and mediate some aspects of
sickness behavior, we hypothesize its implication in reactogenic
sleepiness after peripheral activation of the innate immune system
by some of the COVID-19 vaccines. At the same time, this circum-
stance should be an alert to be considered in pharmacovigilance
studies and future research to understand additional possible long-
term inflammatory mechanisms to preserve confidence in these
new vaccines.

2. Sleep response to acute immune activation in the context
of COVID-19 vaccination

Reciprocal neuroimmune interactions, which have an impact on
physiological and many pathological conditions, are recognized
[17—19]. Particularly, sleep and immunity are bidirectionally linked,
but cellular and molecular mechanisms underlying these in-
teractions are not entirely understood [8]. Prolonged sleep defi-
ciency can lead to chronic, systemic low-grade inflammation and is
associated with various diseases that have an inflammatory
component, like diabetes, atherosclerosis, cancer, and neuro-
degeneration [8,19]. Given that lymphocyte lymph node trafficking
and adaptive immune responses shows circadian rhythmicity, post-
vaccination sleep and morning timing of vaccination as possible
natural immune adjuvants for COVID-19 vaccination have been
proposed [20]. On the other hand, sleepiness or sleep disturbance
as minor to moderate side effects after Pfizer-BioNTech COVID-19
vaccination have been reported [13,14]. Likewise, in some cases,
after protein subunit candidates, a number of participants reported
a desire to sleep or somnolence [12]. This fact could be a good sign
that the vaccine is working because a more pronounced immune
activation during an infection can induce a sleep response that in
turn may support host defense and immunological memory for-
mation [8,21]. Healthy individuals who received the hepatitis A
virus or influenza A HIN1 (swine flu) virus vaccines did not appear
to show any significant sleep changes in the night following the
vaccination. However, sleep data was not compared to a placebo-
vaccinated control group in these studies [8]. Actually, epidemio-
logical evidence on the relationship between reactogenicity and
immunogenicity of COVID-19 vaccines is still limited [9].

In response to acute immune activation, the sleep-modulating
effect is triggered by pathogens' components and decomposition
products, including pathogen-associated molecular patterns
(PAMPs) such as endotoxins, lipids, peptides, and viral double-
stranded RNA. PAMPs are recognized by their respective pattern
recognition receptors (PRRs) like Toll-like receptors (TLRs) and the
nucleotide-binding oligomerization domain-like receptors (Nod-
like receptors, NLRs) on tissue-resident macrophages or dendritic
cells. Furthermore, downstream pathways like the transcription
factor NF-kB and inflammasomes, which induce cytokines and
prostaglandins expression [8]. Vaccine antigens as potential path-
ogens are recognized, and mostly vaccination studies have exam-
ined the effects of naturally occurring or experimentally induced
sleep loss on immunological responses, but studies investigating
alterations of sleep itself in response to vaccination are rare [2,7].
During an infectious challenge or acute mild immune activation,
decreases in rapid-eye-movement (REM) sleep and increases in
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non-REM (NREM) sleep amount or intensity (i.e., increased slow-
wave sleep), which are related to the release of interleukin (IL) 1
(IL-1e and IL-1B) and tumor necrosis factor-o. (TNF-o.) have been
observed [9,16]. These cytokines, in addition to adenosine (AD) and
prostaglandin D2 (PGD2) are considered NREM sleep-promoting
substances or somnogens [22,23]. However, several other media-
tors such as hormones of the hypothalamus-pituitary-adrenal
(HPA) axis, classical neurotransmitters [glutamate, acetylcholine,
serotonin, y-aminobutyric acid (GABA), noradrenaline, histamine,
and dopamine], neuropeptides such as orexin (Ox), and the hor-
mone melatonin are involved in the neurobiological bases and
regulation of sleep [7,8]. These molecules may interact with the
immune system to promote or inhibit sleep, even more in a
stressful context as the COVID-19 crisis, because an imbalance in
the functional interaction between the nervous and immune sys-
tems may occur caused by destabilizing factors such as the gener-
alized lockdown and social distancing measures [18,24].

3. Place of orexin neurons in sleep-wake regulation

The inhibition-stimulation interaction between the posterior
and lateral hypothalamic circuits of wakefulness and the sleep
system of the anterior hypothalamus establishes the base of a
reciprocal model that results in the stability of the wake or sleep
states [25,26]. Wake-promoting cell types include Ox and a popu-
lation of GABA-releasing neurons of the lateral hypothalamus (LH),
which promote the transition to wakefulness from NREM and REM
sleep [27,28]. Ox neurons, in particular, have been implicated in the
facilitation and maintenance of arousal, exhibiting wake-associated
discharge and quiescent during NREM and REM sleep [25]. Acti-
vation of LH GABAergic neurons in vivo rapidly drives wakefulness
via direct inhibition of galaninergic neurons within the preoptic
area of the hypothalamus [29]. In contrast, melanin-concentrating
hormone (MCH) neurons in the perifornical-lateral hypothalamic
area (PF-LHA) discharge selectively during sleep [30]. Interesting
studies in Ox knockout mice indicate a critical role for Ox neurons
in regulating sleep and wakefulness. These animals exhibit marked
hypophagia, hypolocomotion, hypersomnolence, and an inability to
adapt to restricted feeding, a phenotype resembling sickness
behavior [31]. Orexin is a neuropeptide primarily synthesized and
secreted by neurons of the lateral hypothalamic area (LHA) and
parts of the dorsomedial nucleus of the hypothalamus (DMH),
perifornical area, and posterior hypothalamus. A single orexin
precursor is processed into two isoforms (orexin A [OxA] and orexin
B [OxB]). Orexin neurons project widely throughout the brain onto
target regions exhibits an excitatory influence on arousal-related
neurons, stabilizing wakefulness. These effects are mediated by
two G protein-coupled receptor subtypes located post-synaptically.
Ox receptors type-1 (OX{R) acts thought to signal via Ga.11 class of
G-protein, leading to increases in phospholipase C and subsequent
phosphatidylinositol signaling, resulting in Ca®* influx. At the same
time, Ox receptors type-2 (OX3R) is coupled to both the Gall
excitatory and the Gi inhibitory G-protein families [32,33]. In
particular, OX,R has been more involved in controlling food intake
and arousal, whereas the OX;R is in reward-seeking and drug
addiction [33].

Among many target areas including the serotonergic dorsal
raphe (DR) nucleus, noradrenergic locus coeruleus (LC), histamin-
ergic tuberomammillary nucleus (TMN), dopaminergic ventral
tegmental area (VTA), and cholinergic basal forebrain (BF), meso-
pontine laterodorsal tegmental nucleus (LDT) and pedunculo-
pontine nucleus (PPT), all of which are involved in promoting
arousal [34,35]. Also, the ventral periaqueductal gray matter (VPAG)
dopaminergic cells provide a powerful ascending dopaminergic
waking influence [36]. On the other hand, neural inputs regulating



B.B. Garrido-Sudrez, M. Garrido-Valdes and G. Garrido

Ox neurons arise from BF cholinergic neurons, preoptic area
GABAergic neurons, serotonergic raphe neurons, lateral septum,
bed nucleus of the stria terminalis, dorsomedial nucleus, peri-
aqueductal gray, amygdala, and many hypothalamic regions, which
are implicated in a dynamic reciprocal control between sleep and
arousal centers [25,34]. In addition, dense projections from Ox
neurons in other spinal, diencephalic and cortical regions are
involved in regulating diverse behavioral and physiological func-
tions [34]. Therefore, Ox is not only implicated in the regulation of
eating, the sleep-wake cycle, and energy metabolism, but also
closely associated with cardiovascular control, reproduction, stress,
reward, addiction, cognition and mood, and the modulation of pain
transmission [37,38].

The hypothalamic ventrolateral preoptic area (VLPO) and me-
dian preoptic nucleus (MnPO) contain neurons essential for pro-
moting initiation and maintenance NREM sleep [39]. VLPO and
MnPO sleep-active neurons are GABAergic, and VLPO neurons also
produce the inhibitory neuropeptide galanin (GAL). In general,
approximately 85% of these neurons contain GAL and GABA [39,40].
Both cell groups strongly innervate and inhibit arousal-promoting
brain regions, including the cholinergic neurons of the BF, Ox
neurons, TMN, DR, median raphe, parabrachial nucleus, and LC
[25,26]. Current studies have focused on gliotransmission's impact
on sleep-immune interactions [41,42]. Especially, an astroglial
modulation mediated by astrocyte-derived ATP and its subsequent
hydrolysis to AD on the VLPO neurons have been proposed [23,42].
It has been postulated that ATP released from the VLPO astrocytes
may inhibit the VLPO interneurons via adenosine A1 receptors
(A1Rs), and then disinhibit VLPO sleep-promoting neurons,
possibly galaninergic, thereby increasing sleep [40,43,44]. In addi-
tion, PGD2, an extensively studied physiological sleep-promoting
substance, may mediate its action by inducing leptomeningeal
cells in proximity to the posterior hypothalamus to release AD.
Which subsequently excite via adenosine A2 receptors (A2Rs)
nearby sleep active VLPO neurons that inhibit histaminergic wake
neurons in the TMN [25,45]. Direct connectivity between preoptic
area GABAergic neurons and Ox neurons has been reported
[28,34,46]. GABAergic neurons from sleep-promoting VLPO send
inhibitory projections to Ox neurons, which express GABAs and
GABAg receptors [46—48]. In particular, the blockade of GABA4 re-
ceptors completely abolished the post-synaptic effect of GABAergic
axon stimulation, suggesting that releasing other transmitters, such
as galanin, is insufficient to alter Ox neuron firing [46]. Besides, Ox
neurons are under inhibitory control by local GABAergic neurons
[49]. Interestingly, the LHA, adjacent to well-characterized Ox and
MCH neurons, comprises a large population of peptidergic neurons
neurochemically defined by the presence of neurotensin (Nts). At
least subpopulations of LHA Nts neurons may co-express other
neuropeptides, including GAL and corticotrophin-releasing hor-
mone, and classical neurotransmitters such as GABA and glutamate,
but the precise characterization of LHA Nts neurons with different
molecular signatures have yet to be fully elucidated [50,51]. Some
subpopulations of these neurons co-express the long form of the
leptin receptor (LepRb) and are activated by the adipose-derived
hormone leptin [50]. Recent data support the role of GAL as an
important mediator of leptin action to modulate nutrient reward by
inhibiting orexin neurons via GAL receptor 1 (GalR1) [52]. On the
other hand, Nts neurons project to dopaminergic VTA and locally to
Ox neurons playing an important role in wake promotion and
producing a hyperarousal state in response to acute stress [53].
However, these cells may act as a “master orchestrator” depending
on the stress signals and possibly excite or inhibit orexin neurons
by releasing either Nts or galanin, respectively [52,53].
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4. Inflammatory regulation of the arousal. A possible
implication of the orexinergic system in reactogenic
sleepiness after COVID-19 vaccines

Several evidences indicate that OxA can possess immune-
regulatory properties [18]. Interestingly, OX neuron suppressions
mediate inflammation-induced lethargy [54]. In addition, a local-
ized reduction in cFos immunoreactivity of LHA after inflammatory
insults has been reported, as well as that, LHA glucose-sensitive
neurons reduced their electrical activity in the presence of IL-18
or TNF-a [54,55]. It has also been recognized that TNF-o acts on
hypothalamic sleep regulatory circuits and the locus coeruleus to
promote NREM sleep [56,57]. Several findings from animal studies
established both cytokines, IL-1p and TNF-«, as substances involved
in the homeostatic regulation of sleep and the sleep responses to
pathologies [19,22]. IL-1B enhances the firing rate of basal forebrain
and anterior hypothalamic sleep-active neurons while it inhibits
wake-active neurons [22]. Blocking its biological actions reduced
physiological NREM sleep amount or NREM sleep rebound after
sleep deprivation. Moreover, increasing the availability of those
cytokines promoted NREM sleep amount and intensity and sup-
pressed REM sleep amount [8]. Experiments in genetically engi-
neered mice have revealed the contribution of the IL-1 receptor
type 1 (IL-1R1) and the 55 kD TNF receptor (TNF-1R) to cytokines
enhanced NREMS [22,58]. Nevertheless, other cytokines, including
interferon-gamma (IFN-v), IL-2, IL-4, IL-6, IL-10, IL-13, IL-15, and IL-
18, also appear to have some sleep regulatory properties but have
received less attention than IL-1p and TNF-a [7,22].

On the other hand, various studies have linked vaccine-induced
reactogenic side effects to producing these pro-inflammatory cy-
tokines in humans [59]. Different inflammatory parameters asso-
ciated with systemic reactogenicity following vaccination with viral
antigens have been identified, such as IL-1p, IL-6, and IFN-signalling
pathway [60,61]. IL-1 seems to be the predominant mediator of
sickness behavior in the brain because blockade of its action by
central administration of the IL-1 receptor antagonist attenuates
cytokine-induced sickness behavior measured by either depression
of social exploration or reduction of food intake [6]. IL-1 receptors
are broadly expressed on neurons, glial cells, and endothelial cells
of brain venules in many brain regions such as the hypothalamus,
cortex, hippocampus, and cerebellum [58,62]. In general, vaccines
produce milder and more prolonged immune responses with a
favorable safety profile; but several studies have successfully used
typhoid vaccine to examine sickness behavior, showing increased
inflammatory cytokines, sleep disturbances, neurocognitive and
psychomotor alterations, and worsened mood [63]. Also, the
influenza vaccine has a more pronounced change in the affective
state in patients with depression and anxiety than in mentally
healthy individuals [64]. However, the underlying mechanisms of
the vaccine reactogenicity remain poorly understood, an affirma-
tion that is also valid for new COVID-19 vaccines, which are
currently under research [3]. The release of pyrogenic cytokines
and prostaglandins into the systemic circulation is thought to
stimulate a cascade of immune and nervous system crosstalk that
can lead to systemic ‘influenza-like’ symptoms, including fever af-
ter immunization [4]. Cytokines act on the brain via a relatively fast
neural route represented by the primary afferent neurons that
innervate the body site of the vaccine injection resulting in the
production of brain pro-inflammatory cytokines by microglial cells.
In addition, a slower humoral and cellular pathway that involves
the production of brain pro-inflammatory cytokines in the cir-
cumventricular organs (CVOs) and choroid plexus in response to
circulating PAMPs or cytokines has been recognized [62]. The
vasculature in CVOs possess fenestrated capillaries with relative
permeability to macromolecules, and these structures have main
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projections to hypothalamic nuclear groups that regulate homeo-
stasis [17,62]. In both pathways, its actions can be mediated by
prostaglandins or nitric oxide produced in endothelial cells of ce-
rebral blood vessels and perivascular macrophages. Moreover, the
entry of immune cells into the brain parenchyma via the choroid
plexus and the recently discovered meningeal lymphatic drainage
system in the meninges play a significant role in immune-brain
networks [19,65].

Inflammatory cytokines directly modulate the activity of hypo-
thalamic melanocortin and thermoregulatory neurons, but it has
been proposed that Ox neurons are not direct targets for inflam-
matory signaling. Putatively a subset of perifornical LHA Nts-
expressing GABAergic neurons is activated during inflammatory
challenge mediating the inhibition of Ox neuron activity [54]. Like
arcuate-nucleus proopiomelanocortin neurons, LHA LepRb-/
GABA-/Nts-expressing neurons are considered cytokine-sensitive
interneurons that play a dual role in the allostatic suppression of
arousal by overnutrition and inflammation [54]. Curiously, leptin
has pro-inflammatory properties and upregulates the secretion of
multiple inflammatory cytokines, including TNF-o.. Leptin receptors
are class I cytokine receptors encoded by the db gene that vary in
length due to alternative splicing, which are expressed on multiple
immune cell types, making the activity of leptin influential on
different immune functions [66].

Furthermore, it has been reported that IL-1f8 directly inhibits
wake-promoting neurons, probably cholinergic, and stimulates a
subset of GABAergic VLPO sleep-promoting neurons [67]. In
particular, IL-1R1 has been involved in NREM sleep enhancement
[22]. However, in the context of neuron-glia interactions, cytokines
may also act in the anterior hypothalamus and basal forebrain by
modulating the local release of AD, an essential intermediate
linking inflammation and somnolence [68]. Recent studies indicate
that microglia are potentially critical components of sleep regula-
tory mechanisms [23,42]. A possible effector of microglial in-
fluences on sleep-wake behavior may be extracellular ATP acting at
the purinergic type 2 receptor P2X7 (P2X7R). Activation of glial
P2X7R by ATP mediates post-translational processing of sleep
regulatory pro-inflammatory cytokines [69]. Microglia induce
astrocyte activation via expression of pro-inflammatory cytokines,
including IL-1B, TNF-o, and IFN-vy, activated astrocytes, in turn,
produce sleep regulatory substances as ATP/AD in response to
immune challenge [42]. Especially, AD acting via A1R plays a role in
regulating sleep by inhibiting PF-LHA neurons [70]. Ox neurons
express A1R, which induce inhibitory influences, most potently via
presynaptic inhibition of the glutamatergic input or excitatory
post-synaptic potential [71,72]. However, A1R-mediated inhibition
of other cholinergic, histaminergic and noradrenergic arousal-
related neurons [25,68].
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IL-1 promotes NREM sleep, in part, by inhibiting wake-
promoting monoaminergic systems in dorsal raphe and locus
coeruleus in a dose-dependent manner [70,84]. Hence, higher
doses of IL-1, like experimental and natural inflammation, increase
locus coeruleus neuronal activity [73]. Particularly, monoaminergic
neurotransmitters implicated in the arousal ascending system,
which are activated by Ox neurons, exert inhibitory feedback on the
orexinergic system. Both serotonin (5-hydroxytryptamine, 5-HT)
and noradrenaline (NA) hyperpolarize and inhibit Ox neurons by
activating G-protein-regulated inwardly rectifying K™ channels.
These effects are mediated by ay-adrenoreceptors and 5-HT1,4 re-
ceptors, each of which is expressed by Ox neurons. On the contrary,
Ox neurons do not express (DA) receptors, but dopamine can
inhibit Ox neurons via the ay-adrenoreceptor [74,75]. Interestingly
all of these centers are stimulated by lipopolysaccharide (LPS)
experimental treatment suggesting other significant inhibitory in-
puts on Ox neurons in a central inflammatory context [76—78].

Then, considering the role of inflammatory regulation of hypo-
thalamic neurons in sickness behavior, and because the most often
investigated cytokines in the context of sleep research are the acute
phase cytokines TNF-o. and IL-1, we speculate that following
vaccination with COVID-19 vaccines, these pro-inflammatory cy-
tokines may propagate an inflammatory response to the hypo-
thalamus promoting sleepiness through these pathways. Although
the sleep-promoting effect of central nervous system (CNS) cyto-
kines results from altered neuronal activity throughout several
nuclei comprising the ascending arousal system, this hypothesis is
focused on hypothalamic Ox neurons because its crucial role is to
reinforce arousal systems [34,46]. Given that this subset of
inflammation-sensitive, arousal-associated Ox neurons in the per-
ifornical area is involved in anorectic and lethargic responses to
sickness [54], points to these cells as possible targets during in-
flammatory challenge after vaccination (Fig. 1A—B). However,
further investigations are necessary to corroborate our hypothesis
in the complex context of the reciprocal regulation of sleep and
innate immunity. In addition, because specific sleep parameters,
particularly slow-wave sleep intensity, are considered predictive of
the magnitude of an antigen-specific immune response [21], the
impact of reactogenic sleep on immunogenicity of COVID-19 vac-
cines should be studied. Nevertheless, considering the multi-
functionality of Ox neurons in the modulation of vital physiological
processes, this assumption could also be valid to explain other
transient reactogenic symptoms such as general weakness, loss of
appetite, headache, myalgia and joint pain after COVID vaccination
[15,37,38].

Fig. 1. Schematic diagram illustrating the hypothetical implication of the orexinergic system in reactogenic sleepiness after COVID-19 vaccines. (A) After vaccination, inflammation
is triggered by antigen and potential adjuvant present in the vaccine formulation. Then pro-inflammatory cytokines are released by activated resident innate immune cells at the
periphery, which recruit immune cells, mainly hematogenous neutrophils, releasing directly acting hyperalgesic mediators on nociceptors. This fast neural route via the spinal
nociceptive pathway transmits the signal to the brain neurons, producing pro-inflammatory cytokines by microglial cells. In addition, pathogen-associated molecular patterns
(PAMPs) and circulating cytokines (slower humoral pathway) activate phagocytic and endothelial cells in the circumventricular organs (CVOs) and choroid plexus, respectively,
leading to the production of brain cytokines that diffuse through the deficient blood-brain barrier (BBB) into the brain parenchyma. In both cases, the action of brain pro-
inflammatory cytokines can be mediated by prostaglandins or nitric oxide. Brain parenchyma inflammatory milieu (increased of pro-inflammatory cytokines as somnogenic
TNF-o and IL-1B) indirectly inhibits the activity of orexin (Ox) neurons during periods of wakefulness and arousal, leading to sleepiness. (B) Several central pathways could subserve
its effects on wake-promoting neurons. (1) Lateral hypothalamic area (LHA) neurotensin (Nts)-expressing GABAergic neurons could mediate the suppression of Ox neuron activity,
leading to hypersomnolence, resembling hypothalamic inflammation that induces sickness-associated lethargy. (2) Somnogenic IL-1B could directly activate a subset of GABAergic
ventrolateral preoptic area (VLPO) sleep-promoting neurons inhibiting Ox neurons. (3) Pro-inflammatory cytokines stimulate astrocyte activation, and astrocyte-derived ATP may
be hydrolyzed into adenosine (AD) by ATP-degrading enzymes in VLPO, perifornical (PF)-LHA, and other cholinergic, histaminergic and noradrenergic arousal-related neurons,
promoting sleep. Adenosine via adenosine A2 receptors (A2R) directly activates GABAergic VLPO neurons as well as via adenosine Al receptors (A1R) inhibit GABAergic in-
terneurons, which disinhibit VLPO sleep-promoting neurons, possibly galaninergic. ATP via P2X7 receptors induces IL-1p, INF-y, and TNF-a. release from microglia increasing brain
pro-inflammatory cytokines. (4) AD also induces inhibitory influence via A1R on Ox neurons at presynaptic terminals reducing calcium-dependent glutamate release and at the
soma of Ox neurons, inhibiting voltage-dependent calcium channels. (5) Inhibitory inputs (inhibitory feedback) on Ox neurons under a central inflammatory context could also be
provided from the serotonergic dorsal raphe (DR) nucleus, the noradrenergic locus coeruleus (LC), the dopaminergic ventral periaqueductal gray (vPAG), which are activated by
lipopolysaccharide (LPS) experimental treatment.
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5. Alerting elements to consider in pharmacovigilance
studies in the context of neuroinflammation

On the other hand, in the context of long-term and dysregulated
neuroinflammation, Ox neuropeptides exert both neuroprotective
and immunomodulatory actions and becoming an emerging group
of biological agents with a great potential for the treatment of
immune-mediated CNS disorders such as narcolepsy, metabolic
disorders, Alzheimer's disease, and multiple sclerosis [32,33].
However, sleepiness or other systemic symptoms are caused by
reactive inflammation after injection of vaccines containing an
adjuvant system (aluminum salts or newer adjuvants, which
include virosomes, oil-in-water emulsions, as ASO3 or lipid nano-
particles), should be findings of attention to researchers. Other alert
elements to consider in pharmacovigilance studies must focus on
possible rare events such as narcolepsy or others related to the
post-vaccination inflammatory syndrome [79]. As shown previ-
ously, some of these molecules as aluminum, have a propensity to
activate brain microglia and increase the production of inflamma-
tory cytokines, thereby initiating and exacerbating inflammation
and excitotoxicity in the brain [80]. Considering that glial cells are
highly dynamic and responsive to the diversity of environmental
stimuli, microglia, CNS resident macrophage-type immune cells,
also can switch from a resting phenotype to a primed state by an
initial immune stimulus that is not excessively intense but could
facilitate long term neuroinflammation [81].

Although, to date, there is no evidence that COVID vaccines in-
crease the risk to develop narcolepsy or that, in already diagnosed
narcoleptic patients, its symptoms may worsen after this vaccina-
tion, the causal link between the GlaxoSmithKline's Pandemrix
swine flu vaccination and the sudden significant onset of type 1
narcolepsy in some individuals has raised many questions [79].
Following investigations suggest that the formulation of HIN1 viral
nucleoprotein used in Pandemrix, rather than the ASO3 adjuvant,
likely triggered an autoimmune assault on hypothalamic Ox-
neurons in some individuals with a genetic vulnerability to devel-
oping narcolepsy [82,83]. The CoV-2 spike protein as a vaccine
antigen, including in most vaccines in development against SARS-
CoV-2, is structurally different from the HIN1 nucleoprotein uti-
lized in Pandemrix. There is no rationale to support that licensed
COVID vaccines should trigger an autoimmune attack on orex-
inergic neurons, as with Pandemrix. However, vaccine safety must
be monitored after regulatory authorization, as will all medicinal
products. All new vaccine has potential adverse events of special
interest (AESIs) based on knowledge of previous vaccines and a
vaccine's development and upon the known disease manifestations
[84]. Clinical reports have confirmed that about 34% of COVID-19
patients develop neurological manifestations, which involve the
peripheral nervous system and CNS [85]. Considering the routes
and mechanisms of neuroinvasion of SARS-CoV-2 and the pivotal
role of hypothalamic circuits in the stress, metabolic, and auto-
nomic responses, some authors proposed that the hypothalamus is
a critical player in the development of these manifestations [86].
Hypothalamic networks, also involved in regulating the sleep-wake
cycle, represent a significant potential brain region that could be
affected in this acute viral disease. In particular, some observations
in post-acute COVID-19 syndrome patients suggest its possible
contribution to neurological sequelae and residual effects of SARS-
CoV-2 infection [87]. Moreover, systemic inflammatory response
during COVID-19 could potentially trigger chronic autoimmune and
neurodegenerative disorders like narcolepsy in susceptible in-
dividuals. Recurrence of hypersomnia after COVID-19 vaccination
has been reported in a case with a history of hypersomnia sec-
ondary to infectious mononucleosis [88]. In addition to SARS-CoV-2
or other virus infections, vaccination can also cause autoimmune
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reactions by mechanisms such as molecular mimicry and bystander
activation of T cells [89]. In this context, a dysfunction of the
orexinergic system may trigger sleep disorders and different
pathological conditions, including obesity, depression, cognitive
disorders, and chronic pain, among others [37,38]. Subsequently,
these antecedents should be an alert of special interest to be
monitored in pharmacovigilance studies, like others, not a reason
why some individuals choose to refuse protective vaccines.

6. Conclusion

Sleepiness side effects reported after some COVID-19 vaccines
suggest a mechanistic link between reactogenic inflammatory pa-
rameters and hypothalamic circuits involved in the sleep-wake
cycle. We proposed that pro-inflammatory cytokines IL-18, INF-y
and TNF-o. may propagate a peripheral inflammatory response after
vaccination, which activate a subset of perifornical LHA Nts-
expressing GABAergic neurons as well as inhibitory neurons from
sleep-promoting areas providing an inhibitory input on wake-
promoting Ox neurons. The adenosinergic modulation of sleep-
wake signals in the context of neuron-glial interactions could also
be implicated. However, further investigations are necessary to
corroborate our hypothesis. Identifying biomarkers linked to the
reactogenicity of the COVID-19 vaccines will allow further under-
standing of the links with its immunogenicity. At the same time, the
frequent emergence of sleepiness after vaccination should be an
alert to be considered in pharmacovigilance studies to preserve
confidence in these new vaccines.
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