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Abstract  
Several experimental evidence suggests a link between brain Herpes simplex virus 
type-1 infection and the occurrence of Alzheimer’s disease. However, the molecular 
mechanisms underlying this association are not completely understood. Among the 
molecular mediators of synaptic and cognitive dysfunction occurring after Herpes simplex 
virus type-1 infection and reactivation in the brain neuroinflammatory cytokines seem to 
occupy a central role. Here, we specifically reviewed literature reports dealing with the 
impact of neuroinflammation on synaptic dysfunction observed after recurrent Herpes 
simplex virus type-1 reactivation in the brain, highlighting the role of interleukins and, in 
particular, interleukin 1β as a possible target against Herpes simplex virus type-1-induced 
neuronal dysfunctions.
Key Words: herpes simplex virus type 1; interleukin 1β; microglia; neuroinflammation; 
synaptic dysfunction

Introduction 
There is a growing body of evidence that clearly indicates 
the potential link between Herpes simplex virus type 1 (HSV-
1) infection reaching the brain and the occurrence of neural 
damage reminiscent of that observed in Alzheimer’s disease 
(AD) patients, especially at early stages of the pathology 
(see Marcocci et al., 2020; Protto et al., 2022 and references 
therein). In particular, these molecular and functional 
alterations take place when HSV-1 reactivation repeatedly 
occurs within the central nervous system (CNS) after primary 
infection (De Chiara et al., 2019; Li Puma et al., 2019, 2023). 
However, the process of HSV-1 reactivation within the brain is 
not completely understood yet. HSV-1 is known to primarily 
infect the oral mucosa (e.g., labial epithelial cells) or the 
eyes, leading to the development of blisters, ulcers, and 
“cold sores” that are characteristic signs of peripheral HSV-
1 infection. After the primary infection, traveling backward 
along the axons of sensory neurons, the virus reaches the 
trigeminal ganglia where it becomes latent. Various stressful 
stimuli can reactivate the virus from latency, and the newly 
formed virions can be transported back to the site of the 
primary infection, resulting in the recurrence of typical signs 

and symptoms of peripheral infection. However, some viral 
particles, by traveling anterogradely through the ponto-
Gasserian tract can reach the brainstem and subsequently 
spread to the brain via the thalamus, causing a CNS infection 
(Doll et al., 2019). It is currently unknown whether HSV-1 
enters a latent state within the CNS to subsequently reactivate 
in response to specific stimuli or if virus reactivation within the 
trigeminal ganglion causes the delivery of new viral particles 
to the CNS. Nonetheless, following HSV-1 reactivation, viral 
particles have been detected within the brain (De Chiara et al., 
2019, Li Puma et al., 2019). Brain HSV-1 infections may result 
in highly variable clinical pictures, ranging from encephalitis 
to completely asymptomatic cases (Matthews et al., 2022). 
However, the latter may contribute to late-onset neurological 
disorders, particularly in the elderly. The existence of 
asymptomatic HSV-1 brain infection makes it challenging 
to determine the prevalence of CNS HSV-1 infection in the 
normal population. Postmortem studies conducted several 
years ago suggested that HSV-1 was present in 65%–75% of 
the brains of neurologically asymptomatic individuals who 
were seropositive for HSV-1 (Baringer and Pisani, 1994). 
Importantly, HSV-1 DNA was found in a higher percentage of 
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brains from AD patients, as demonstrated by Wozniak and 
Ithzaki, after analyzing a small group of AD patients (6 AD vs. 
5 controls), revealed HSV-1 DNA in 90% of amyloid plaques 
(Wozniak and Itzhaki, 2009). HSV-1 reactivation can result 
in recurrent, often asymptomatic, brain infections leading 
to AD-like neurological dysfunctions caused by a complex 
interaction among viral-induced, glial-dependent factors (e.g., 
neuroinflammation and gliosis) and accumulation of amyloid-β 
protein and hyperphosphorylated tau at later stages (Harris 
and Harris, 2015; Itzhaki et al., 2016; Duarte et al., 2019; 
Marcocci et al., 2020; Laval and Enquist, 2021). However, very 
recently we reported that in HSV-1-infected, non-encephalitic 
mice subjected to two virus reactivation synaptic dysfunction 
was observed also in the absence of frank accumulation of 
molecular AD hallmarks (Li Puma et al., 2023) and seemed to 
depend on increased levels of the pro-inflammatory cytokine 
interleukin 1β (IL-1β).

Here, we specifically reviewed literature reports dealing with 
the impact of neuroinflammation on synaptic dysfunction 
observed after virus reactivation in the brain, highlighting 
the role of interleukins and, in particular, interleukin 1β as 
a possible target against AD-like, HSV-1-induced neuronal 
dysfunctions.

Search Strategy
Studied cited in this work were searched on the PubMed 
database, using the key words “neuroinflammation, synaptic 
dysfunction, LTP, interleukin, cytokines, viral infections, 
microglia.”

Glial-Mediated Neuroinflammation and Viral 
Infection 
Glial cells, in particular astrocytes and microglia, play a key 
role in CNS physiological function. Astrocytes have been 
reported to be essential for the well-being of neurons and 
their network activity. Indeed, besides providing a metabolic 
support to neurons by lactate secretion after glutamate 
uploading (the astrocyte-neuron lactate shuttle hypothesis) 
(Beard et al., 2022), they also modulate communication 
among neurons (i.e., synaptic transmission) and regulate 
the molecular mechanisms underlying memory formation 
(long-term synaptic plasticity), especially in the hippocampus 
(de Ceglia et al., 2023; Puliatti et al., 2023). Astrocytes also 
regulate blood flow at the neuro-vascular unit, as well as 
the extracellular concentration of neuroactive molecules 
and ions (Lia et al., 2023; Purushotham and Buskila, 2023) 
thus influencing neuronal functions. Microglia, on the 
contrary, are the resident macrophages of the CNS and act 
as the surveillance system against foreign agents (Dadwal 
and Heneka, 2024). Moreover, they have the important 
physiological role of maintaining the number of active 
synapses on neurons during development and adulthood by 
exerting spine pruning and refinement (Sakai, 2020; Ball et 
al., 2022). However, when insults or homeostatic challenges 
occur to the brain, either from outside (bacteria and viruses) 
or inside the CNS (neurotoxic proteins such as α-synuclein, 
amyloid-β or tau), both cell types, astrocytes, and microglia, 
become “reactive” and respond to the noxious stimuli by 

changing their morphology and mediating neuroinflammatory 
processes. This occurs through the release of specific 
neuroinflammation-related molecules such as cytokines, 
e.g., tumor necrosis factor α (TNF-α), IL-6, and IL-1β, reactive 
oxygen species, and excitotoxins, including glutamate (Wang et 
al., 2015; Rauf et al., 2022), that activate several intracellular 
signals whose final goal is to counteract the adverse agents. 
Nevertheless, the role of glial cells in neuroinflammation is 
quite more puzzled. Indeed, the innate immune responses 
are considered the first line of defense, being protective 
against pathogens by promoting immunosuppression and 
tissue repair (e.g., thrombospondins and interleukins such 
as IL-4, IL-10, and transforming growth factor), but sustained 
inflammation or chronic activation of glial cells can lead to 
irreversible CNS damage exacerbating inflammatory reactions 
and tissue damage by neuroinflammation-related cytokine-
dependent (IL-1, and TNF-α) and NO-dependent intracellular 
signaling pathways potentially lethal for neurons (Colombo 
and Farina, 2016; Rauf et al., 2022). This double action 
of glial cells was associated with two different activation 
states of these cells, i.e., neurotoxic A1/M1 (astrocytes/
microglia, respectively) phenotype and neuroprotective A2/
M2 phenotype, even if this rigid classification does not reflect 
all the phenotypes of microglia and astrocytes present in the 
CNS (Kwon and Koh, 2020; Garland et al., 2022). An extensive 
review of the molecular pathways underlying glial-mediated 
neuroinflammation is beyond the scope of this review, and we 
refer to literature reports specifically dealing with this subject 
(see for example Giovannoni and Quintana, 2020; Kwon and 
Koh, 2020; Ding et al., 2021; Patani et al., 2023; Si et al., 
2023).

To work as sentinels for innate immunity in the CNS, glial cells 
express pattern recognition receptors (PRRs). PRRs include 
classes of membrane-bound receptors (i.e., Toll-like receptors, 
TLRs), but also intracellular receptors able to detect pathogen 
nucleic acids (DNAs and RNAs) in the cytoplasm (Takeuchi and 
Akira, 2010) as well as C-type lectin receptors, cytoplasmic 
proteins such as the Retinoic acid-inducible gene-I-like 
receptors (RLRs), and NOD-like receptors (NLRs), operating 
for detecting pathogens at the cell surface and in intracellular 
compartments (Li et al., 2021; Li and Wu, 2021). PRRs can be 
therefore activated by the so-called “pathogen-associated 
molecular patterns” (PAMPs) or “danger-associated molecular 
patterns” (DAMPs), that trigger pro-inflammatory cascades 
and the formation of the nucleotide-binding oligomerization 
domain-like receptor pyrin domain-containing 3 (NLRP3) 
inflammasome, a protein complex mediating the release of 
several cytokines including TNF-α, IL-1β and IL-6 (Kwon and 
Koh, 2020). Brain invasion by herpesviruses can induce both 
innate and adaptive immune system activation along with 
glial cell response (Paludan et al., 2013; Verzosa et al., 2021). 
For example, in mice, HSV (both 1 and 2) are recognized by 
TLR2 and TLR9, along with RLRs and DNA receptors to control 
infection (Gonzalez-Dosal et al., 2011). Innate immune system 
actors such as type I interferons (IFNs) and natural killer cells, 
activated after PRR-mediated detection of PAMPs, play key 
roles in the containment of infection (Paludan et al., 2013). 
Among herpesviruses, CNS invasion by HSV-1 produces PAMPs 
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such as viral proteins, DNA, and RNA, as well as DAMPs, that 
activate the host’s PRRs and initiate innate immune responses 
(Mielcarska et al., 2021; Zhao et al., 2021). In particular, HSV-
1, which is a DNA virus, can be sensed by several intracellular 
DNA sensing systems such as DNA-dependent activator of 
IFN-regulatory factors, absent in melanoma 2 (AIM2), RNA 
polymerase III, leucine-rich repeat Flightless-interacting 
protein 1 and IFNγ-inducible protein 16 (Paludan et al., 
2013). All TLRs and intracellular nucleic acid sensors, but 
AIM2, induce intracellular signaling pathways leading to the 
expression of genes with pro-inflammatory and microbicidal 
activities, including cytokines and type I IFNs (α and β 
subtypes). On the contrary, AIM2 leads to inflammasome 
activation followed by the cleavage of the pro-IL-1β and 
pro-IL-18 with the subsequent release of the mature and 
bioactive forms of the cytokines critical for protection from 
HSV-1 (Karaba et al., 2020). HSV-1 brain infection also induces 
marked astrogliosis and increased GFAP expression (De Chiara 
et al., 2019), which can contribute to the increased level of 
astrocyte-derived cytokines. We also demonstrated that, in 
a co-culture of murine hippocampal neurons and astrocytes, 
HSV-1 infects astrocytes earlier than neurons (Li Puma et 
al., 2021). Indeed, to infect neurons, the virus requires ATP 
released from astrocytes after HSV-1 binds to their plasma 
membrane, in order to trigger the molecular cascade leading 
to viral entry into neurons. This conclusion was supported by 
data showing that: (i) HSV-1 differently binds neurons and glial 
cells (Vahlne et al., 1978 and 1980); (ii) cultured astrocytes 
express higher levels of Heparan Sulfate Proteoglycans than 
neurons (Li Puma et al., 2021). These proteoglycans are 
extracellular receptors acting as hooks for the attachment of 
viral particles to the cell membrane (Shukla and Spear, 2001), 
thus making cells more susceptible to HSV-1 infection (Potokar 
et al., 2023). Moreover, it was also demonstrated that murine 
astrocytes express TRL3 receptors that, when activated by 
HSV-1, induce an upregulation of TNF-α and IL-6 via the 
nuclear factor kappa-light-chain-enhancer of activated B cells 
(also known as nuclear factor kappa B) modulation (Liu et al., 
2013). Collectively, these data indicate that astrocytes are the 
first CNS cells involved in brain invasion by HSV-1, promptly 
and actively participating in its defensive response as well as 
the following neuroinflammation.

Cytokine-Dependent Synaptic Modulation 
In a recent work, Zipp et al. (2023) elegantly reviewed data 
demonstrating that immune system activation-derived 
cytokines (such as members of interleukins family, TNF-α, 
interferons, and chemokines), that are classically considered 
the main responsible of peripheral inflammatory processes 
after presentation of specific stimuli activating either PAMPs or 
DAMPs, also act as key players in neuronal network function. 
Indeed, they can modulate synapse development, synaptic 
transmission, and plasticity, and finally, memory formation and 
cognition as CNS cells (i.e., neurons, astrocytes, and microglia) 
express cytokine receptors on their cell membrane (Mousa 
and Bakhiet, 2013).

Among cytokines demonstrated to modulate synaptic 
functions, for example synaptic transmission, synaptic 
structure (e.g.,  dendritic spine density), or synaptic 

plasticity (e.g., long-term potentiation [LTP]; and long-term 
depression), there are TNF-α, and interleukins such as IL-
1β and IL-6 (Khairova et al., 2009; Levin and Godukhin, 
2017; Bourgognon and Cavanagh, 2020; Zipp et al., 2023). 
The former was reported to regulate α-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid glutamate receptors 
(AMPARs), and to enhance the transcription of voltage-gated 
sodium channels Nav1.3 and Nav1.8 thus increasing central 
and peripheral neuronal excitability (He et al., 2010; Zipp et 
al., 2023). At the same time, it has been reported that TNF-α 
activates TNF receptor 1 in astrocytes, which then increases 
neuronal presynaptic activity signal via glutamate release and 
N-methyl-D-aspartate (NMDA) receptor activation (Prieto 
and Cotman, 2017). Moreover, TNF-α-targeted modulation 
of astrocyte-neuron crosstalk was reported to contribute to 
memory impairment via astrocyte signaling in experimental 
models of neurodegeneration (Habbas et al., 2015; Prieto 
et al., 2017). On the contrary, contrasting results have been 
obtained about the effects of interleukin receptor activation 
and, in particular, those of IL-1β on neuronal excitability 
(Nemeth and Quan, 2021). In fact, after being released, 
inflammasoma-derived IL-1β binds its proper receptor IL-
1R(1), eliciting the binding of the co-receptor IL-1R Accessory 
Protein to the previous complex and activating downstream 
intracellular signaling (Zipp et al., 2023). IL-1R1 is expressed 
by excitatory glutamatergic neurons at the hippocampal level 
(whose network is associated with memory formation), where 
it works together with the glutamate NMDA receptor, subunit 
NR2B. So, IL-1R1/NR2B association after IL-1β binding triggers 
NMDA-dependent Ca2+ flux through the NMDA receptors thus 
increasing glutamatergic synaptic transmission. While some 
studies indicate that the IL-1R binding enhances neuronal 
excitability, other ones suggest opposite effects mainly 
mediated by the inhibition of voltage-gated ion (Na+ and Ca2+) 
channels (Zipp et al., 2023). Probably, whether IL-1β and IL-1R 
activation enhance or dampen neuronal glutamate-mediated 
excitability depends on its concentration/activation (Nemeth 
and Quan, 2021). Other than synaptic transmission/excitability, 
neuroinflammatory molecules released by glial cells (microglia 
and astrocytes) have been reported to modulate also synaptic 
structure (i.e., dendritic spine morphology and density). 
Indeed, it is known the physiological action of microglia in 
maintaining synaptic spine number by a complex pruning 
activity. The fractalkine receptor CX3CR1, a G-protein-coupled 
chemokine receptor highly expressed in microglia, is involved 
in synapse shaping at the hippocampal level (Paolicelli et al., 
2011; Zipp et al., 2023). Activation of microglial CX3CR1 by 
fractalkine, however, also induces the release of adenosine 
which, by activating A2A purinergic receptors, determines 
the release of D-serine which potentiates NMDA-mediated 
excitatory postsynaptic potentials on neurons. Also, the innate 
immune receptor “triggering receptor expressed on myeloid 
cells 2” (TREM2), highly expressed on myeloid cells including 
CNS microglia, is involved in synapse refinement. Indeed, 
the lack of TREM2 resulted in impaired synapse elimination 
from microglia, enhanced excitatory neurotransmission, 
and reduced long-range neuronal network (Filipello et al., 
2018). Interestingly, TREM2 regulates the secretion of pro-
inflammatory factors as its absence significantly increases 
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the levels of pro-inflammatory cytokines and aggravates 
cognitive defects (Wang et al., 2020). In turn, the above-
mentioned anti-inflammatory cytokines IL-4 and IL-10 
can upregulate TREM2 expression (Yi et al., 2020). On the 
contrary, TREM2 expression was reduced under conditions 
of lipopolysaccharide pro-inflammatory stimulation (Liu et 
al., 2020). Finally, local hippocampal administration of the 
proinflammatory IL-1β induces a reduction in the total density 
of CA1 hippocampal dendritic spines, particularly the mature 
ones, in mice (Herrera et al., 2019). Consistently with these 
results, Tong and collaborators reported that IL-1β disrupts 
brain-derived neurotrophic factor signaling cascades thus 
impairing the formation of F-actin in dendritic spines (Tong 
et al., 2012 ). Different results were instead observed with IL-
33, an IL-1-like cytokine secreted by astrocytes that exerts 
its biological effects via the IL-1 receptor ST2 by activating 
nuclear factor kappa B (Schmitz et al., 2005). Indeed, this 
cytokine enhances excitatory synapse formation in CA1 
pyramidal neurons in mice (Wang et al., 2021).

Finally, cytokines, and in particular IL-1β, also modulate 
synaptic plasticity underlying memory formation (i.e., LTP and 
long-term depression), with different effects depending on 
their concentration. Indeed, in murine hippocampus elevated 
levels of IL-1β (obtained after NLRP3 inflammasome-mediated 
cleavage of its precursor after caspase-1 activation) have been 
reported to impair LTP and memory in mice, whereas lower 
levels seem to improve them (Ross et al., 2003; Goshen et 
al., 2007; Prieto and Cotman, 2017). These effects, however, 
seem to depend also on the age of mice, being greater in 
young than in old mice (Takemiya et al., 2017). Even if other 
neuroinflammatory-related molecules and cytokines (TNF-α, 
IL-6, IL-18, IFNγ, etc.) have been proven to be involved in LTP 
and memory impairment (Rizzo et al., 2018), IL-1β seems 
to be the final common effector (Prieto and Cotman, 2017). 
Indeed, mice lacking IL-1R show attenuated synaptic deficit 
upon neuroinflammation (Avital et al., 2003), and antagonists 
of IL-1R block the suppression of LTP and memory in similar 
experimental conditions (Schmid et al., 2009). Moreover, 
enhanced levels of IL-1β are associated with increased 
expression of the epigenetic repressor MeCP2 known to 
negatively impact synaptic genes and determine alteration of 
synaptic function underlying memory (Pozzi et al., 2018). In 
fact, pharmacological inhibition of IL-1R activity normalizes 
both MeCP2 expression and IL-1-dependent cognitive deficits 
(Tomasoni et al., 2017; Li Puma et al., 2023).

Herpes Simplex Virus Type 1 Infection, 
Interleukin 1β and Synaptic Dysfunction
We recently demonstrated that HSV-1 infection and recurrent 
reactivations into murine CNS cause neuroinflammation 
characterized by important gliosis and overproduction of 
interleukins, such as IL-6 and IL-1β, followed by deficits in 
brain plasticity and memory (De Chiara et al., 2019; Li Puma 
et al., 2019, 2023). In particular, in the hippocampi of HSV-
1-infected and twice reactivated mice, we observed an IL-
1β production that was sensibly greater than that found in 
mock-infected mice. This increase was, however, transient 
and IL-1β levels returned to normal values after 1 week 

from stress-inducing viral reactivation (Li Puma et al., 2023). 
Under this experimental paradigm, the NR2B subunit of 
the NMDA receptor was found strongly downregulated in 
infected mice, thus suggesting a reduced neuronal activity. 
In agreement with this result, we also found impaired LTP 
at the hippocampal CA3-CA1 synapse, along with decreased 
expression of some key synaptic plasticity-related genes and 
other synaptic proteins involved in synaptic transmission such 
as synapsin-1 and synaptophysin (Li Puma et al., 2023). All 
these effects were paralleled by decreased neurogenesis (Li 
Puma et al., 2019) and cognitive alterations, given that HSV-
1-infected mice also showed loss of hippocampal-dependent 
memory, in terms of recognition, spatial working, and 
associative memory, after two thermal stress-inducing HSV-
1 reactivation to the brain (Li Puma et al., 2023). Even if the 
mouse model of HSV-1 infection and recurrent reactivation 
can be considered an experimental model of sporadic AD, 
this phenotype occurs only after several cycles of virus 
reactivation, e.g., ≥ 6 (De Chiara et al., 2019), and just after 
two thermal stress accumulation of Aβ and pTau was limited 
and unlikely responsible for the synaptic deficits we observed. 
On the contrary, this picture is compatible with the altered 
cell management of cytokines, and IL-1β in particular, we 
observed. Indeed, it is known that IL-1 drives the production 
of substrates necessary for the formation of neuropathological 
hallmarks of AD (Griffin et al., 2006); and that increased 
levels of IL-1β affect hippocampal neurogenesis (Ryan et al., 
2013) and synaptic function as mentioned above. Moreover, 
the dependence of the HSV-1-dependent, synaptic-related 
deficits on IL-1 overproduction was clearly demonstrated by 
mouse treatment with the pharmacological IL-1R antagonist 
Anakinra, a hydrophilic non-glycosylated protein of 153 amino 
acids able to cross the blood-brain barrier, already used to 
treat inflammatory diseases (Cvetkovic and Keating, 2002). 
We indeed found that intraperitoneal administration of this 
drug across reactivations (i.e., one day before, during, and one 
day after thermal stresses causing brain HSV-1 reactivation), 
i.e. when the levels of IL-1 are transiently elevated, almost 
completely prevented all the functional, molecular and 
structural detrimental synaptic deficits observed in this mouse 
model of virus-induced neuroinflammation (Li Puma et al., 
2023).

Several other studies report the efficacy of Anakinra in 
counteracting inflammatory-dependent brain alterations in 
mice. For example, Anakinra has been shown to attenuate 
the frequency and duration of seizures observed in anti-
NMDA encephalitis and to revert memory deficit, assessed 
by novel object recognition paradigm, in this mouse model 
of neuroinflammation (Taraschenko et al., 2021). Anakinra 
was initially used as a drug for the treatment of Cryopyrin-
Associated Periodic Syndromes that are characterized 
by increased concentrations of IL-1β. Increased serum 
concentration of IL-1β (similar to that observed in Cryopyrin-
Associated Periodic Syndromes) has also been demonstrated 
in mice harboring mutations in the NLRP3 gene (Brydges et 
al., 2009). Even if, more in general, it is widely recognized that 
NLRP3 inflammasome mediates IL-1β production in several 
models on inflammation (Brydges et al., 2009; Negash et al., 
2013; Cullen et al., 2015; Kang et al., 2017).
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This is particularly important for HSV-1 given that it has been 
demonstrated that this virus can activate NLRP3-mediated 
IL-1β-dependent pathway (Karaba et al., 2020; Johnson et 
al., 2013; Hu et al., 2022) thus allowing us to hypothesize 
that targeting NLRP3 inflammasome can be an efficacious 
therapeutic strategy for fighting viral infection (Deng et al., 
2023). Moreover, by looking at the link between HSV-1-
induced neuroinflammation and Alzheimer’s disease, several 
studies demonstrated that NLRP3 inflammasome is a key 
molecular player in the AD neuroinflammatory pathway, 
causing caspase-1 activation and the secretion of IL-1β (Feng 
et al., 2020; Liang et al., 2022). In our case, the blockade of 
IL-1 receptors prevented molecular, structural, and functional 
alterations of the synaptic function observed in the HSV-
1-infected mice independently of the regulation of viral 
replication. In fact, Anakinra did not significantly affect HSV-1 
titer in the supernatants of infected cultured murine neurons 
(Li Puma et al., 2023), thus indicating that IL-1β is a major 
determinant of HSV-1-induced synaptic dysfunction (Figure 1).

However, many other viruses initiated IL-1β production 
through NLRP3 inflammasome (Zheng et al., 2023). Indeed, 
IL-1β acts downstream of NLRP3 to induce the expression 
of proinflammatory genes and by recruitment of immune 
cells against virus infection and the nuclear factor kappa B-
dependent inflammation. For these reasons, antagonizing IL-1 
receptors might ameliorate the clinical outcomes of several 
viral infections (Franzetti et al., 2021; Schworer et al., 2023) 
without exerting any direct antiviral action. Among the virus 
infections particularly susceptible to IL-1β-mediated signaling 
are those caused by influenza viruses (e.g., influenza A virus). 
Indeed, infection by the influenza A virus both in vitro (on 
pulmonary-derived cell lines [Kim et al., 2015]) and in vivo 
(at the pulmonary level [Bawazeer et al., 2021]), induces 

increased production of proinflammatory cytokines known as 
“cytokine storm” (also observed after organism invasion by 
other respiratory viruses such as SARS-CoV-2 [Isacson, 2020]). 
Kim et al. (2015) and Bawazeer et al. (2021) demonstrated 
that inhibition of IL-1β by specific blockers or antibodies 
determines the reduction of the inflammation induced by 
influenza A infection, as well as the consequences of the 
infection, thus indicating a key role for this cytokine in the 
viral illness. Bucher et al. (2017) found that after lung infection 
with influenza virus H1N1, both IL-1α and IL-1β levels were 
increased. But, in slight contrast with the previous results, 
antibody treatment with anti-IL-1β alone was not able to 
revert cell infiltration (e.g., neutrophils and macrophages). 
On the contrary, a slightly stronger effect was observed 
with the blockade of IL-1R1 using a specific antibody, but 
concomitant inhibition of both IL-1α and IL-1β resulted in a 
larger effect. Noteworthy, other than pulmonary diseases, 
infection by influenza viruses induces had been reported to 
induce cognitive deficit and synaptic remodeling associated 
with increased pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, 
IFN-α) (Jurgens et al., 2012; Hosseini et al., 2018). These data 
suggest that approaches aimed at regulating glial cell activity 
may represent a future strategy to prevent deleterious virus-
induced long-term effects on the brain.

Neuroinflammation in Neonatal Herpes Simplex 
Virus Type 1 Infections
It is known that HSV-1 can determine infection also at genital 
levels. Virus reactivation during pregnancy or peripartum 
exposes fetuses or neonates to infection (James et al., 2014; 
James and Kimberlin, 2015). Given the great ability of these 
viruses to infect immature cells, especially at CNS level (Li 
Puma et al., 2019), this event can cause significant diseases 

Figure 1 ｜ After primary infection of mouth and labia, HSV-1 goes in latency in the trigeminal ganglia. 
Following some stressful stimuli virus can be reactivated and vial particles may spread to the brain (1). Here it is recognized by microglial 
cells (2) thus determining activation of the NLRP3 inflammasome (3) and secretion of the cytokine IL-1β (4). Increased levels of IL-1β activate 
the epigenetic repressor MeCP2 (5) known to negatively regulate synaptic genes and determine synaptic failure. Created with Microsoft 
PowerPoint 365. HSV-1: Herpes simplex virus type 1; IL-1β: interleukin 1β; IL-1βR: interleukin 1β receptor; MeCP2: methyl CpG binding 
protein 2; NLRP3: nucleotide-binding oligomerization domain-like receptor pyrin domain-containing 3.   
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leading to neurodevelopmental disorders and even death 
in infants. Neonates develop three main types of infection: 
localized skin, eyes, or mouth infection; CNS infection; and 
disseminated infection, which involves several organs including 
the brain (Kimberlin et al., 2004). To date, therapy for 
neonatal HSV-1 infection is based on antiviral (e.g., acyclovir) 
administration (Samies and James, 2020; Melvin et al., 2022) 
even if, despite rapid diagnosis and improved management, 
high morbidity and mortality are still present among infected 
infants. Based on the previously discussed results, it is not 
yet clearly established to what extent these effects depend 
on neuroinflammation secondary to the infection. It was 
first found that neonates with disseminated HSV infection 
exhibited higher serum levels of IL-6 and sTNF-R1 (the natural 
homeostatic regulator of the action of TNF-α) with respect 
to healthy neonates, and these levels correlated with HSV 
load (Kawada et al., 2004). Consistently with these results, 
a study carried out in 2020 indicates that HSV-1 infection of 
cerebral organoids induces microglial and astrocytic activation 
(increases in IBA-1 and GFAP expression levels, respectively) 
that is accompanied by increased mRNA expressions of pro-
inflammatory (TNF-α and IL-6) and anti-inflammatory (IL-10, 
and IL-4) cytokines (Qiao et al., 2020). In addition, a more 
recent study conducted on human fetal organotypic brain 
slice cultures (an experimental model resembling developing 
brain tissue) infected with HSV-1 and HSV-2 demonstrated the 
induction of an inflammatory phenotype in astrocytes along 
with a significant increase of IFNB1, IL6, and TNFA mRNA 
expression (Rashidi et al., 2024).

Conclusions
In conclusion, here we critically reviewed some literature 
reports showing the role of neuroinflammatory cytokines, 
especially IL-1β, in synaptic dysfunction, at both structural and 
functional levels, in terms of altered synaptic transmission, 
synaptic plasticity, and memory formation in the hippocampus. 
By highlighting the increased production of IL-1β, likely 
mediated by PAMPs and NLRP3 inflammasome, in our 
experimental mouse model of sporadic AD induced by HSV-
1 infection and recurrent reactivation, our research has 
demonstrated the remarkable ability of Anakinra to revert the 
synaptic dysfunction observed in this model, especially when 
AD hallmarks are not yet accumulated. These findings support 
the hypothesis that counteracting the IL-1 receptor might be a 
therapeutic strategy for fighting the onset of AD-like synaptic 
dysfunction, at least when it is triggered by microbial agents. By 
bridging the gap between neuroinflammation, IL-1β signaling, 
and synaptic plasticity, we would propose the development 
of IL-1 receptor-targeted therapies for ameliorating synaptic 
dysfunctions and/or potentially preventing or delaying the 
onset of AD-related cognitive impairments.

In general, these findings are important for developing 
a strategy aimed at treating downstream effects of HSV 
infection. Indeed, although the inflammatory response is 
essential for the host defense mechanisms, its modulation 
or inhibition could represent an effective therapeutic 
intervention. Thus, the combination of antiviral and anti-
inflammatory therapies may improve the health of individuals 
infected with HSV-1.
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