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Neurotropic viruses affecting the central nervous system cause significant short- and long-term
morbidity and mortality. Sequelae are extremely prevalent, with up to 50% of survivors experiencing
neurological, neuropsychiatric, and behavioral issues. However, the immunopathological and
virological mechanisms and factors influencing these outcomes remain poorly understood. In this
review, we outline the available knowledge on the long-term outcomes of brain infections of several

widespread viruses and highlight key current research gaps.

A diverse group of viruses is neurotropic in humans and can affect the
central nervous system (CNS) to cause disease. This includes encephalitis
(inflammatory disease of the brain), as well as meningitis (inflammation of
the meninges), and myelitis (inflammation of the spinal cord). While
meningitis and myelitis are important causes of acute and chronic neuro-
logical disability in their own right, and sometimes share pathogenic
mechanisms with encephalitis", this review places primary emphasis on
encephalitis and the short- to medium-term neurological sequelae that
follow brain infection.

Acute viral encephalitis can impair physical, cognitive, and behavioral
functions, and, in many cases, proves fatal. The mortality rate varies between
viruses, and it has decreased over the past three decades, but fatality estimates
remain at ~6% for encephalitis overall’. In addition, even in individuals who
survive the acute disease, the viral brain infection can be followed by severely
debilitating neurological sequelae in up to 50% of patients. These can include
cognitive, language, and sensory impairments, motor deficits, seizures,
depression, anxiety, personality changes, and fatigue, and overall can drasti-
cally impair the quality of life of the patient’. Numerous brain regions have
been reported to be involved in the different forms of viral encephalitis,
including the temporal lobe, basal ganglia, cerebellum, and thalamus,
reflecting the wide range of possible sequelae’. When including all forms of
encephalitis, the estimated disability-adjusted life years worldwide were 4.8
million in 2019°, and thus, it is a major public health concern around the globe.

Yet, to date, there has been relatively limited research on these post-
infectious brain conditions and the mechanisms underlying their develop-
ment and persistence. Within the last decade, progress in the understanding
of virology, brain physiology, and immunology, combined with methodo-
logical advancements, has begun to address some of these questions. Here,
we outline several viruses associated with post-encephalitic neurological
complications and the evidence as to the underlying mechanisms of action
that have been obtained to date (overview in Fig. 1). It is important to note

that several viruses that are not classically neurotropic, such as SARS-CoV-
2, human immunodeficiency virus (HIV), and hepatitis C, can affect the
brain during and following primary infection®”. Furthermore, viruses have
been implicated as contributors to several neurodegenerative disorders’"’,
including herpes simplex virus (HSV) type 1 in Alzheimer’s disease'” and
Epstein-Barr virus (EBV) in multiple sclerosis'’. However, systemic viruses
and the potential links of viruses to neurodegenerative disease fall outside
the scope of this review, which is centered on post-infectious brain condi-
tions that, while sometimes persistent, are distinct from classical neurode-
generative disorders.

Flaviviruses

Flaviviruses are a diverse group of positive-sense, single-stranded RNA
viruses, primarily transmitted by mosquitoes and ticks. This genus consists
of over 70 viruses, including many that induce human disease'. The burden
of flaviviruses worldwide is substantial, with an estimated 400 million people
infected annually by dengue alone'”. Despite the enormous global impact,
no specific antivirals exist for the treatment of flaviviral infections'. Flavi-
viruses can cause systemic diseases such as dengue and yellow fever, while
others, including West Nile virus and Japanese encephalitis virus, can
induce severe neurological complications'. In this review, we have focused
on several common flaviviruses that cause neurological disease with the
most data available.

West Nile virus

West Nile virus (WNYV) is a mosquito-borne flavivirus, with birds serving as
natural amplification hosts'. It was first isolated from the blood of a febrile
patient in the West Nile district of Uganda in 1937"*. Today, it is one of the
most widespread causes of arboviral disease worldwide, and has been
detected in every continent except Antarctica”. Currently, there are no

human vaccines available®.

"Department of Biomedicine, Aarhus University, Aarhus, Denmark. 2Center for Immunology of Viral Infections, Aarhus University, Aarhus, Denmark.

e-mail: srp@biomed.au.dk

npj Viruses| (2025)3:79


http://crossmark.crossref.org/dialog/?doi=10.1038/s44298-025-00160-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44298-025-00160-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44298-025-00160-7&domain=pdf
mailto:srp@biomed.au.dk
www.nature.com/npjviruses

https://doi.org/10.1038/s44298-025-00160-7

Review

Fig. 1 | Post-viral neurological sequelae. Viruses
can enter the CNS via brain-blood barrier disrup-
tion, transcellular, paracellular, or transsynaptic
spread, or by infecting peripheral immune cells,
which then cross into the CNS. Viral infection of the
CNS can trigger neuronal death, disruption of
neurogenesis, and dysregulation of the immune
system. These disturbances in homeostasis can
result in long-term neurological complications, such
as cognitive deficits, seizures, headache, fatigue,
mood disorders, and changes in personality and
behavior. Figure created with BioRender.
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An estimated 75% of human WNYV infections are asymptomatic’ ™",

Most symptomatic cases manifest as a flu-like illness known as West Nile
fever. However, in <1% of infections, the individual develops West Nile
neuroinvasive disease (WNND), which may manifest as encephalitis,
meningitis, acute flaccid paralysis, or a combination thereof, depending on
the spread of the virus'**"**. A diagnosis of WNND is usually obtained by
testing of serum or CSF for anti-WNV immunoglobulin M (IgM) anti-
bodies, which are usually detectable 3-8 days after illness onset, and can
persist for 90 days™. Several risk factors have been identified for the devel-
opment of neuroinvasive disease, including advanced age, immunosup-
pression, and comorbidities such as diabetes, hypertension, and
cardiovascular disease”*. Host genetic factors also influence susceptibility
to West Nile virus infection, most notably the C-C chemokine receptor type
5 A32 (CCR5-A32) mutation™"".

The fatality rate of WNND is ~10%" ", and amongst the survivors,
40-60% will experience neurological sequelae, which may persist for a few
months or for up to several years™ . These complications include muscle
weakness, fatigue, depression, headache, memory loss, and confusion™.
However, the mechanisms remain poorly understood, and while it has been
reported that a clinical presentation of encephalitis is associated with the
highest risk of sequelae development, long-term complications have also
been reported in those with only febrile illness, indicating that the occur-
rence of WNND does not reliably predict sequelae®*.

Following a mosquito bite, the incubation time for WNV is typically
3-14 days"'. The virus initially replicates in the keratinocytes and Langer-
hans cells of the skin, before progressing to the local draining lymph nodes,
where it is amplified. The virus then spreads to the kidney, spleen, and other
organs, and following systemic infection, it can invade the CNS around
5 days post-infection”*”. WNV has been proposed to enter the brain
through multiple mechanisms, including disruption of the blood-brain
barrier (BBB), transsynaptic or transcellular spread, and by infection of
peripheral immune cells, which subsequently enter the CNS, also known as
a ‘Trojan horse’ mechanism***. However, the relative contribution of these
mechanisms across different species and viral strains remains unclear.

Within the CNS, WNV primarily replicates within neurons, but there
is also evidence that it may be able to infect glial cells, such as astrocytes™~".
Viral particles have been detected postmortern in multiple brain regions,
including the brainstem, cerebellum, and thalamus®**®. Furthermore, in
individuals with a history of WNV infection and ongoing neurological
issues, magnetic resonance imaging (MRI) showed regional atrophy in those

same brain regions, and cortical thinning in both hemispheres compared to
controls™. This diversity of infection and pathology may explain the wide
range of clinical sequelae associated with the disease.

WNV can directly induce neuronal injury and apoptosis through
several mechanisms, such as caspase 3-dependent apoptosis, accumulation
of ubiquitinated proteins, and activation of the unfolded protein
response’” . Recognition of the virus through pattern recognition recep-
tors, including toll-like receptors (TLRs) and retinoic acid-inducible gene I
(RIG-I), is crucial for the initiation of the innate immune response to WNV
in the CNS**. However, the immune response might also be harmful, as the
release of inflammatory cytokines and chemokines from glia or infected cells
can indirectly induce neuronal damage and death® .

Impairments in cognition and memory are among the most frequent
sequelae of WNND™. In a mouse model using an attenuated WNYV strain,
mice displayed impaired spatial learning and memory in the Barnes maze
despite no loss of hippocampal neurons. However, there was a loss of hip-
pocampal CA3 presynaptic terminals, which was also observed in post-
mortem tissue from patients with WNND®. This was attributed to
microglial complement activation, as C1Qa (the initiating factor of the
classical complement pathway) was upregulated and localized to infected
neurons and microglia in the mice. This finding was supported by the
absence of synaptic terminal loss in mice lacking complement C3 or its
receptor C3aR1%.

The signaling of T cells to microglia is also important in the context of
learning deficits following WNND. Specifically, antiviral T cells were
observed to persist in the hippocampus after infection in mice, and
interferon-gamma (IFN-y) released from these CD8" T cells drove micro-
glial activation and impairments in spatial learning. Similar mechanisms
were observed after Zika virus infection, another flavivirus with distinct
neuropathological outcomes®”. Furthermore, CCR2 signaling modulates the
phenotype of persisting CD8 resident memory T cells (Tgyy) in the hip-
pocampus and regulates their expression of IFN-y, which was implicated in
the prevention of memory impairment in the novel object recognition test*.
The CXCL16/CXCR6 chemokine signaling pathway also supports both the
maintenance of these cells post-infection and their expression of Try
markers in the forebrain®.

In addition, hippocampal neurogenesis is disrupted following WNND,
which may explain why the hippocampus is unable to restore learning even
though adult neurogenesis occurs within the dentate gyrus and sub-
ventricular zone (SVZ). Using the same attenuated WNV mouse model as
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Fig. 2 | Hippocampal mechanisms contributing to post-WNV cognitive com-
plications. a CD8" T cells release IFN-y, which activates microglial cells (green).
Microglia upregulate C1Qa, leading to complement-dependent loss of CA3 pre-
synaptic terminals in the hippocampus. b Increased astrogenesis leads to the

secretion of IL-1, which inhibits neurogenesis in the dentate gyrus. ¢ Both
mechanisms outlined in panels a and b contribute to deficits in learning and memory
of mice, assessed in the Barnes maze. See main text for references. Figure created with
BioRender.

in the studies described above, transcriptional alterations in genes regulating
adult neurogenesis, such as interleukin-1 (IL-1), were observed in the hip-
pocampus. Mice that recovered from WNND showed increased astrogen-
esis compared to mocks, and ex vivo, these cells were determined to be the
primary source of IL-1p, suggesting that astrocytes function via IL-1 to
interfere with neurogenesis and memory function after viral infection. Mice
deficient in the IL-1 receptor IL-1R1 did not show the impairment of
neurogenesis and memory observed in their wild-type counterparts, high-
lighting the role of this cytokine in post-infectious cognitive dysfunction®.
Figure 2 summarizes some of the current mechanistic understanding of
impairment of cognition and memory after WNND.

Depression is highly prevalent following WNV infection, affecting
between 20% and 40% of survivors*>*”*, Despite the frequency of this
condition, there are no animal models of WNV-induced depression or
anxiety at chronic time points. One patient study investigated the associa-
tions between blood levels of 15 cytokines and the onset of depression
following WNV infection. Univariate analyses suggested that elevated
chemokine (C-C motif) ligand 2 (CCL2) and decreased tumor necrosis
factor-alpha (TNF-a) were associated with depression, but this was not
found to be significant after adjusting for multiple comparisons®.

Persistent inflammation has, however, been linked to other long-term
symptoms after WNV infection. Increased serum levels of pro-
inflammatory and antiviral cytokines such as IFN-y, interferon gamma-
induced protein 10 (IP-10/CXCL10), interleukin-6 (IL-6), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) were reported in WNND
patients suffering from fatigue post-infection, compared to those who did
not have fatigue”. Elevated TNF-a in serum was also reported in patients
suffering from persistent post-infectious symptoms”. Levels of the
inflammatory mediators interleukin-4 (IL-4), interleukin-8 (IL-8),
interleukin-10 (IL-10), and CCL2 also remained elevated one month post-
infection, although this was not directly linked to sequelae risk’”.

IgM antibodies were detected in 23% of patients 8 years following
WNYV infection, suggesting ongoing low-level antigenic stimulation or a
chronic immune response””. WNV RNA was also detected in the urine of
20% of patients years after primary infection”. However, this was a relatively
small study, and while 4 out of the 5 patients with detectable RNA had

chronic symptoms, it did not assess if the presence of WNV RNA increased
the risk of any particular sequela.

Although many individuals infected with WNV are asymptomatic,
those who develop WNND face a substantial risk of death or disabling long-
term neurological sequelae. Despite the increasing geographical range and
growing public health threat of the virus, no human vaccines or targeted
antivirals are currently available’"”. Further studies are required to assess
the cellular mechanisms underpinning the progression of the disease and
the development of post-infectious complications in order to aid therapeutic
development.

Japanese encephalitis virus

Japanese encephalitis virus (JEV) is a mosquito-borne flavivirus in the Asia-
Pacific region, with over 3 billion people across 24 countries at risk of
infection”. Although effective vaccines have been commercially available
for decades™”’, incomplete vaccination coverage and the continued circu-
lation of the virus in nature’** mean that Japanese encephalitis (JE) remains
a significant public health concern. While the majority of cases are
asymptomatic or have mild symptoms, an estimated 1% of infected indi-
viduals will develop encephalitis, which particularly affects children, as most
adults from endemic regions have developed immunity due to prior JEV
exposures’ ™. Diagnosis is usually confirmed by testing serum or CSF for
virus-specific IgM antibodies, which are typically detectable ~3-8 days after
illness onset™. This disease is associated with a substantial disease burden;
recent estimates indicate that although fatality rates are falling, the current
mortality remains at ~14%". Furthermore, nearly half of survivors will
suffer from long-term neuropsychiatric sequelae, including effects on
memory, language, and emotional and behavioral disturbances® ™.

As the first symptoms of disease generally manifest 5-15 days post-
exposure”’, the mechanisms active during the early phases of infection
remain poorly characterized. It is proposed that the virus initially replicates
in the skin surrounding the mosquito bite, including keratinocytes, fibro-
blasts, endothelial cells, and various immune cells* . After infecting the
nearby lymph nodes, it can enter the bloodstream and cross the BBB by
several proposed mechanisms, including cytokine-mediated BBB disrup-
tion, transcellular transport, or using infected immune cells in the “Trojan
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horse’ strategy’™”’. Once in the CNS, acute JE manifests with neurological

symptoms such as altered consciousness, fever, seizures, and headache,
sometimes accompanied by non-neurological features such as abnormal
breathing patterns and pulmonary edema’®”. Postmortem, viral antigen has
been detected in the hippocampus, thalamus, substantia nigra, and medulla
oblongata'”. While JEV is highly neurotropic, there is evidence that it can
occasionally  infect — microglia, astrocytes, and  perivascular
macrophages'™"'®.

Several risk factors influence JEV transmission, including climate, with
higher temperatures supporting mosquito development, and land use, as
activities like rice paddy cultivation and pig farming increase exposure to
JEV amplifying hosts such as wading birds and pigs'”"'". Another risk
factor is host genetic polymorphisms in immunity genes, such as toll-like
receptor 3 (TLR3)'”, IL-1p'*, and TNF-a'”'", which also modulate sus-
ceptibility to JEV infection.

The nature of the immune response likely contributes to long-term
outcomes following JEV exposure. Infection of the CNS triggers pro-
nounced activation of microglia and astrocytes, infiltration of dendritic cells
and T cells, and widespread neuronal injury""’™""*. While the initial acute
inflammatory response is critical in controlling the viral infection, a pro-
longed inflammatory response can lead to long-term undesirable con-
sequences. Proteomic profiling of CSF defined two subtypes of JE (JE1 and
JE2)'". The JE2 subtype was associated with a higher rate of cognitive
impairment, alongside downregulation of proteins involved in myeloid cell-
mediated immunity and leukocyte/neutrophil degranulation, and sig-
nificant upregulation of several complement pathway components, indi-
cating roles for these pathways in the prognoses of JE patients. An increased
neutrophil-to-lymphocyte ratio was also observed to increase the risk of
neurological sequelae in patients following JE, as was the quality of the T cell
response'°. Poor outcome and sequelae were associated with a pro-
inflammatory TNF-a CD4" response, whereas complete recovery was
linked to a polyfunctional CD4" response''‘. Furthermore, levels of IFN-y,
commonly produced by T cells, were found to be inversely proportional to
the severity of sequelae'”. The cytokines IL-1p and IL-10 also play roles, as
polymorphisms of these genes were associated with an altered risk of neu-
rological sequelae'”. Collectively, these data indicate an altered inflamma-
tory response and potential immune dysregulation post-JE that may
contribute to greater neuronal injury and impaired recovery within the
central nervous system.

Following CNS injury, effective neuronal repair is critical, with
neurogenesis serving as a key mechanism in restoring homeostatic
balance and promoting a return to functional health'"®. JEV has been
observed to significantly impair neurogenesis by depleting neural
progenitor cells from the SVZ. By use of a combination of mouse models
and neurosphere cultures, this was ascertained to occur not only due to
direct viral cytolysis, but also through inhibition of cell cycle progres-
sion at the Gl to S transition by upregulation of checkpoint proteins'".
Moreover, the differentiation potential of neural stem/progenitor cells
(NSPCs) was affected following JEV infection, with neuronal differ-
entiation observed to be more adversely impacted than astrocytic
differentiation'”. A proteomic study in human neural stem cells
revealed endoplasmic reticulum (ER) stress post-JEV infection, a fea-
ture that was also observed in the SVZ of JEV-infected mice, indicating a
mechanism of JEV-induced apoptosis of neural stem cells'*'. Treatment
of JEV-infected mice with minocycline, a broad-spectrum antibiotic,
has, in addition to its anti-inflammatory and neuroprotective effects,
been observed to restore neurogenesis in the SVZ, indicating a potential
therapeutic avenue'”*'*. However, minocycline did not significantly
improve outcome in a trial of acute encephalitis syndrome, although the
number of JE patients was too small for a separate analysis'**. At pre-
sent, although no direct causal link between impairment of neurogen-
esis and JE sequelae has been documented, it is likely to be a
contributing factor and should be explored in more detail.

Despite widespread vaccination regimes, JE continues to exert sig-
nificant mortality and long-term disability in endemic regions,

underscoring the requirement for new treatments. Furthermore, follow-up
studies of JEV encephalitis are relatively scarce, which is partly due to the
difficulty of following up with patients, as many live in rural areas with
limited healthcare access'**'*". Progress will require integrated research
strategies combining long-term, community-based cohort follow-ups with
mechanistic studies in both human and model systems to clarify immune
and cellular drivers of persistent deficits and evaluate targeted interventions
that could prevent or mitigate neurological sequelae.

Tick-borne encephalitis virus

Tick-borne encephalitis virus (TBEV) is an arbovirus that causes tick-borne
encephalitis (TBE), a major health concern across Europe and Asia.
Humans usually become infected through a bite from an infected Ixodes
tick, though transmission can also occur due to the ingestion of unpas-
teurized dairy products from infected animals'**'**. The incubation period
for TBE in humans can range from 4 to 28 days following a tick bite, but is
typically shorter with foodborne infections'**'*.

Following a tick bite, TBEV initially replicates in Langerhans cells and
neutrophils in the skin before spreading to the regional lymph nodes and
then entering the bloodstream. In some patients, it then crosses the BBB via
transcellular, paracellular, or ‘Trojan horse’ mechanisms'”*"*". A recent
study mapping the three-dimensional distribution of TBEV in the mouse
brain demonstrated its strong neuronal tropism, primarily infecting neu-
rons within the hippocampus, lateral ventricles, and cerebral cortex'”.

Infection with TBEV can be asymptomatic or present as a mild
monophasic illness with influenza-like symptoms such as fever, fatigue,
headache, and myalgia. However, in over half of symptomatic patients, a
brief period of remission is followed by a second neurological stage, with
persistent fever, insomnia, confusion, and muscle pain and weakness. This
neurological phase can be due to meningitis, encephalitis, myelitis, or
combinations thereof '**"**'*’, Diagnosis of TBE is usually accomplished via
detection of specific antiviral IgM or immunoglobulin G (IgG) antibodies in
the CSF or serum, which typically appear 0-6 days after disease onset and
may persist for up to 10 months in some cases'**.

While efficacious vaccines are available'”, awareness and uptake are
often heterogeneous, with many regions reporting low coverage™*'”’. In
recent years, an increase in both the number of cases and the geographical
range of the virus has been observed, with over 3500 cases reported by the
EU in 2022,

The fatality rate of TBE varies dramatically between the subtypes of
TBEV, from less than 2% for the European subtype, up to 8% for the
Siberian subtype, and as high as 40% for the Far-Eastern subtype'**'**'*’.
Host factors also influence the propensity to severe disease, including age,
immunosuppression, comorbidities, and vaccination status, in addition to
polymorphisms in immune-related genes such as TLR3 and CCR5"'"*.

TBE can result in an array of neurological and neuropsychiatric
sequelae such as headaches, fatigue, anxiety, and issues with memory,
concentration, balance, and sleep. These long-term effects are more com-
mon in adults than in children, with up to half of adults suffering from
persistent symptoms'*~'**. The rate of various sequelae changes over time,
but deficits that persist over a year are frequently permanent and can have a
large impact on a person’s quality of life'”'”". Indeed, the post-encephalitic
symptoms of TBE have been reported to have a higher burden in terms of
disability-adjusted life years than the acute phase of the disease'™.

Several factors have been reported that affect the risk of sequelae
development after TBE in adults, including older age, comorbidities,
abnormal MRI findings, elevated CSF protein concentration, CSF pleocy-
tosis, and acute disease severity"*'**'**'*'¥7 However, acute features that
can predict incomplete recovery in children following TBE are scarce. One
study detected higher acute CSF levels of the cytokines IFN-y, IL-4, IL-6, and
IL-8 in children who subsequently developed sequelae'®. In adults, no
correlation was detected between acute levels of 24 different cytokines or
chemokines in the CSF and long-term outcome in one study'”, but in
another, the CSF levels of several cytokines and mediators were observed to
associate with the risk of sequelae, including IL-1, IL-8, CCL2, and matrix
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metalloproteinase-8'®. Although it has been suggested that the more
favorable outcome in pediatric patients may be due to a less mature immune
system and, consequently, a milder inflammatory response'**, these findings
indicate that the inflammatory responses in the CNS may influence prog-
nosis across all ages.

Indeed, the immune response appears to be critical in the long-term
prognosis of TBE. Acute CNS inflammation driven by activated microglia,
macrophages, and T cells, amongst others, disrupts neural homeostasis and
damages brain tissue, which can have long-term consequences'®'. Several
immune factors have been directly linked to such sequelae. By the time the
neurological features of TBE manifest, the virus is typically no longer
detectable in the blood, and therefore, the diagnosis of TBE is largely based
on clinical symptoms and the presence of specific [gM and IgG antibodies in
the serum'®. Lower levels of IgG antibodies to TBEV in the acute stage of the
illness are associated with both a more severe acute disease course and an
increased risk of developing sequelae'®’. Furthermore, in TBE patients
presenting with meningitis or meningoencephalitis, a favorable long-term
prognosis was associated with patients who had strong specific IFN-y-
producing T cell responses to the TBEV structural protein E and the non-
structural proteins NS1 and NS5. However, this effect was not observed in
those who presented with meningoencephalomyelitis, a very severe clinical
manifestation of the disease, or if the analyses were carried out without
stratification by clinical presentation'*". At follow-ups of patients 2-7 years
after TBE, individuals with poorer outcomes had higher serum levels of
most mediators associated with innate, Thl, or B cell responses, but lower
levels of mediators associated with Th17 responses'*’. Neutrophils may also
contribute: while they are common in acute CSF, they usually disappear
within two weeks. However, persistence of neutrophils in the CSF at the two-
week follow-up was associated with neurological deficits'®. Furthermore,
there was also a trend between acute blood neutrophil count and sequelae
development, although this did not reach significance'®’. These data col-
lectively suggest that inappropriate or prolonged immune responses may
affect the clinical outcome of the disease.

In addition to immune-mediated mechanisms, direct viral effects on
neural regeneration may contribute to the chronic neurological burden of
TBE. Experimental findings suggest a possible mechanistic link between
acute neuronal infection and long-term deficits. In a mouse model utilizing a
TurboGFP-TBEV reporter virus, pronounced viral localization was
observed within immature neurogenic cells of the SVZ'*”. Infection of these
progenitor cell populations may impair neurogenesis, potentially con-
tributing to the persistent cognitive and neuropsychiatric sequelae observed
after TBE. Further understanding of the mechanisms underlying the neu-
ropathology of TBE will be essential in order to address this growing public
health challenge and improve patient outcomes.

Herpesviruses

Several members of the Herpesviridae family can cause severe neurological
disease and long-term sequelae. This is a family of double-stranded DNA
viruses, classified into three subfamilies: a, B, and y viruses. With regard to
human herpesviruses, the a-herpesvirus subfamily most commonly induces
serious CNS disease in otherwise healthy individuals: this subfamily consists
of HSV-1, HSV-2, and varicella zoster virus (VZV). The B-herpesvirus
subfamily includes human cytomegalovirus and human herpesvirus (HHV)
type 6, while the y-herpesvirus subfamily comprises Epstein-Barr virus and
HHV-8'. For the sake of relevance and clarity, we will focus on a-her-
pesviruses in this review, as they are highly neurotropic, establish life-long
latency in sensory ganglia, and can be periodically reactivated throughout
life'®.

Herpes simplex virus type 1

HSV-1 is highly prevalent worldwide, infecting over 65% of people under
the age of 50'. It is mainly transmitted through oral secretions, and during
primary infection, the virus replicates in mucosal epithelial cells before
establishing latency in the sensory neurons of peripheral ganglia. These
reservoirs of latent virus are crucial to the survival of the virus, as they can

persist throughout an individual’s lifetime and can be periodically
reactivated'*.

Many infected individuals are asymptomatic, and the dominant
symptom the virus is best recognized for is small blisters or ‘cold sores’
around the mouth. In addition to this typical manifestation, both HSV-1
and HSV-2 can cause devastating disease in neonates. Infection may occur
intrapartum via exposure to the virus in the genital tract during delivery, or
through intrauterine or postnatal routes'®. Neonatal infections can present
as localized skin, eye, and mouth (SEM) disease, disseminated multi-organ
disease, or localized CNS disease. The mortality rate is ~40% for dis-
seminated disease, even with antiviral treatment, and nearly half of infants
with CNS disease still exhibit neurological abnormalities at 24 months of
age'”’. While neonatal disease is rare, affecting less than 5 cases per 10,000
births in the US'”", this highlights the capacity of HSV to induce profound
and lasting pathology.

On rare occasions, in both children and adults, the virus can invade the
brain and cause herpes simplex encephalitis (HSE)'”*, the most common
cause of sporadic infectious encephalitis in humans*'”’. HSV-2 may also
cause this disease, but the vast majority of instances are attributable to HSV-
17>, Primary infection of HSV-1 is estimated to cause only 30% of
encephalitis cases, with reactivation of the virus responsible for the other
two-thirds"*'””. The gold standard for HSE diagnosis is CSF HSV poly-
merase chain reaction (PCR), which should be performed as early as pos-
sible within the first two weeks of symptom onset, in conjunction with MRI
and clinical signs'”®. Neurons are the primary target in the CNS for the virus,
but it can also infect astrocytes and, importantly, microglia, which undergo
an abortive infection and launch a strong immune response'”’"””. The virus
can induce extensive necrosis and edema, most predominantly in the medial
temporal lobes, disrupting critical limbic circuits****".

HSE typically presents with fever, disorientation, behavioral changes,
and seizures'*™"*, Prior to the introduction of acyclovir in the treatment
regimen of HSE, the fatality rate was ~70%, but with early antiviral therapy,
it has dropped dramatically to <20%'. Despite these therapeutic
improvements, the prevalence of sequelae following HSE remains high,
affecting an estimated 30-70% of patients, significantly impacting their
quality of life*"*'®. These sequelae encompass a wide range of conditions,
such as seizures, motor disabilities, cognitive issues, and behavioral and
personality changes, as well as psychological effects like depression and
anxiety'*"”. These complications can last for months to years; one study of
43 patients with HSE showed that only 14% of patients had fully recovered 3
years later™.

Numerous factors have been identified that are associated with
increased morbidity and mortality in patients with HSV-1 CNS disease.
These include age, pre-existing conditions, immunocompromisation, and
delay of initiation of acyclovir treatment'”. Additionally, several inborn
errors in innate immune signaling pathways that increase HSV-1 suscept-
ibility have been ascertained, including those in the TLR3 signaling pathway
and the Interferon Alpha/Beta Receptor (IFNAR) pathway'”. MRI detects
brain abnormalities in 80-100% of HSE cases, such as T2 and FLAIR
hyperintensities in the medial temporal lobes, the insular cortex, and the
frontobasal cortex'”. Early, extensive brain involvement observed on MRI
has been linked to poor outcomes'**'*". Cerebrospinal fluid levels of cyto-
kines have also been suggested as a prognostic tool, with higher initial IFN-y
and maximal IL-6 levels associated with unfavorable outcomes'”.

The development of autoimmune encephalitis (AE), primarily N-
methyl-p-aspartate receptor (NMDAR) encephalitis, occurs in up to a
quarter of HSE patients'**'”. These cases may be mistaken for ‘relapsing
HSE’. The detection of neuronal antibodies within 3 weeks following HSE
has been reported as a risk factor for developing autoimmune encephalitis.
None of these patients tested positive for these antibodies at the onset of
HSE, indicating that the virus triggered the immune response'”. Interest-
ingly, the development of NMDAR antibodies was associated with cognitive
issues'”. AE phenotype varies with age, with young children associated with
a worse outcome and a higher risk of suffering from choreoathetosis,
decreased consciousness, and seizures, whereas older children and adults are
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more likely to present with behavioral and cognitive issues, such as irrit-
ability, memory deficits, and confusion'”**”". The underlying mechanisms as
to why HSV infection may trigger the development of autoimmune ence-
phalitis are not fully understood. The effect of HSV-1 on brain tissue may
cause the release of neuronal proteins that induce autoimmunity activation,
but specific maladaptive immune responses induced by HSV-1 or molecular
mimicry have also been suggested as contributing factors™".

Besides the temporal lobe and frontal lobe, the hippocampus appears to
be particularly vulnerable to HSV-1 infection®”. The hippocampus
expresses HSV-1 entry receptors at a higher level than other brain regions™”,
and one study suggests a lower antiviral cytokine response in the hippo-
campus in mice compared to other regions™”. Amongst the cells in the
hippocampus, the cells of the dentate gyrus, a site of adult neurogenesis, are
particularly vulnerable’”. The accumulation of amyloid-f protein, which is
strongly implicated in Alzheimer’s disease pathology, has been reported in
the neural stem cells in this region, which may impair neurogenesis™*. Given
the key role the hippocampus plays in memory and learning, these effects of
HSV-1 on the hippocampus likely contribute to the cognitive sequelae
observed, although they have not been directly linked to behavioral effects
thus far.

Persistence of inflammatory mechanisms has been linked to neuronal
damage and behavioral impairments following HSV-1 infection. In a non-
lethal intracranial mouse model using a neural-attenuated HSV-1 strain,
there were persistent neuroinflammatory responses and a dramatic increase
in microglial numbers. This resulted in neuronal loss in the cerebral cortex
near the injection site and decreased spontaneous motor activity in the open
field test’”. In addition to increases in microglia, astrogliosis and lympho-
cytic infiltration have also been reported chronically, with subsequent
neuronal loss, decreased brain volume, and spatial memory deficits™”. The
cytokine IL-1{ may be crucial to these outcomes, as repeated HSV-1 reac-
tivations induced increases in IL-1P, which impaired cognitive perfor-
mances, affected hippocampal synaptic plasticity, and reduced expression of
pre- and post-synaptic proteins. Furthermore, pharmacological blockade of
the IL-1P receptor ameliorated effects on synaptic plasticity and rescued
cognitive impairments, although this latter effect was delayed™”. Interest-
ingly, IL-1 has also been implicated in the pathogenesis of anti-NMDAR
encephalitis, which, as previously mentioned, may develop post-HSE*'*~".
In HSV-1-infected mouse microglia, NLR family pyrin domain-containing
3 (NLRP3) inflammasome activation leads to IL-1P release’”. This
inflammasome has been implicated in the development of cognitive
impairment”*”"” and of neurodegenerative diseases that have cognitive
components, such as Alzheimer’s and Parkinson’s disease”**.

It is important to note that HSV-1 has been detected in the brains of
individuals who died of non-neurological causes™"”, potentially causing
neuroinflammation and neuroimmune responses even without symptoms. In
mice, asymptomatic HSV infection was associated with sex-specific changes in
inflammatory and senescence markers and increased permeability of the
BBB**, and asymptomatic reactivation of the virus from latency induced
upregulation of neuroinflammatory and early neurodegenerative markers™.
Furthermore, a single low-dose intranasal HSV infection in neonatal mice did
not induce acute signs of infection but led to cognitive and memory impair-
ments months later in adulthood’”, suggesting that subclinical infections can
impact brain homeostasis and induce long-term impairments. Most research
regarding asymptomatic HSV-1 infections has investigated the link to Alz-
heimer’s disease, wherein there is evidence that the risk of developing Alz-
heimer’s disease is increased in seropositive individuals'>********’, However,
overall, very little is known about the effects of asymptomatic HSV-1 CNS
infections in humans, as the presence of the virus in the brain of patients is only
confirmed postmortem, making it challenging to investigate. The broader
long-term consequences of both asymptomatic and symptomatic HSV-1
infections warrant further investigation.

Varicella zoster virus
VZV predominantly causes chickenpox (varicella) during primary infec-
tion, and shingles (herpes zoster) upon reactivation. Infection is typically

acquired via close contact transmission, after which VZV replicates in the
epithelial cells of the respiratory tract, followed by dissemination to the
lymph nodes. Infected T cells can deliver the virus to the skin, which, after an
incubation period of 10-21 days, results in the characteristic itchy skin
lesions of chickenpox™'.

Following primary infection, VZV establishes latency in cranial nerve,
dorsal root, and autonomic ganglia, where latency is largely controlled by
cell-mediated immunity’”. With increasing age or immunocompromisa-
tion, a decline in this VZV-specific immunity occurs, permitting the virus to
reactivate and replicate in neurons, which causes shingles, associated with
painful blister eruptions™”. The virus may also progress to the CNS, infecting
neurons and astrocytes™” ™, and causing severe complications. Diagnosis
relies on CSF analysis for anti-VZV antibodies, PCR detection of VZV DNA
in CSF, and evaluation of any recent rash, although the optimal timing for
these tests remains poorly defined**”.

The CNS pathology of VZV is diffuse, with lesions reported in many
sites, including frontal, temporal, parietal, and occipital lobes, in addition to
the basal ganglia, brainstem, and cerebellum™**”. While cerebellitis and
encephalitis can occur in children with varicella, VZV-induced neurological
diseases are much more commonly associated with reactivation infections
than primary infections, and include meningitis and encephalitis™**~**.
Although live-attenuated VZV vaccines have markedly reduced the inci-
dence of disease”**, the vaccine itself can, in extremely rare cases, cause
delayed-onset meningitis™***.

Patients with VZV meningitis generally show more favorable long-
term outcomes compared to encephalitis patients, with 70-100% of
meningitis patients making a full recovery, compared to less than half of
patients with encephalitis'”. The predominant acute symptoms of VZV
encephalitis include an altered mental state, headaches, and occasionally
seizures™”’, whereas sequelae comprise attention and memory deficits, lan-
guage issues, and emotional and behavioral changes™***’. Herpes zoster can
cause complications with a CNS component even in the absence of ence-
phalitis, including vasculopathies leading to stroke, myelitis, and post-
herpetic neuralgia™'.

Numerous host factors have been determined that predispose to severe
VZV infection, reactivation, and CNS infection, such as older age, chronic
medical comorbidities, and immunosuppression”***. This includes pri-
mary immunodeficiencies affecting T cells, NK cells, and B cells, and sec-
ondary immunosuppression such as cancer, transplantation, HIV/AIDS,
and immunosuppressive medications™’. Defects in the DNA sensor RNA
polymerase III (POL III) have also been associated with increased risk of
severe VZV-induced CNS disease”*. However, thus far, our understanding
regarding the risk factors for long-term persistence of symptoms or sequelae
following VZV infection is limited.

The most frequent chronic complication of herpes zoster is post-
herpetic neuralgia (PHN)*', which is difficult to treat with current therapies.
Encephalitis is not necessary to induce this condition, but it has a complex
pathogenesis with changes in both peripheral and central somatosensory
processing””. PHN is a chronic neuropathic pain condition lasting over
3 months following a herpes zoster outbreak’***” and is also associated with
concurrent depression, anxiety, and insomnia®*~®. Peripherally, it is the
activation of stress nociceptors in tissues via inflammation-driven
mechanisms that causes the pain. Centrally, several pathological mechan-
isms contribute to the disorder, including inflammation, alterations in brain
structure and function, and changes in central pain modulation””. MRI
studies showed that these abnormalities were mainly located in ‘pain matrix’
brain regions, including the thalamus, insula, amygdala, and dorsolateral
prefrontal cortex. However, other regions outside this system, such as the
precentral gyrus and cerebellum, which play crucial roles in motor control,
have also been reported to be affected™".

Productive VSV infection of cerebral vessels can cause vasculopathy,
which may lead to transient ischemic attacks and ischemic or hemorrhagic
stroke, amongst various other complications’”. The average duration
between the herpes zoster rash and the presentation of neurological
symptoms related to vasculopathies is approximately 4 months™. While the
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risk for developing stroke is highest in the month following herpes zoster, it
still remains elevated years later, with younger people at higher risk’*~*. If
the stroke affects key cerebral arteries, this could result in brain damage and
thus impairment of cognitive functions, a common sequela of VZV CNS
disease.

CSF concentrations of various biomarkers have been used in an
attempt to assess brain pathophysiology following VZV infections.
Increased CSF levels of neurofilament light chain were detected several
months post-VZV CNS infection, which were highest in patients with
encephalitis. Alterations were also detected in the levels of S100B, primarily
found in astrocytes, but no markers were found to correlate with long-term
outcome’’. In another study, in patients with long-term cognitive impair-
ments followed up between 1.5 and 7 years after VZV encephalitis, there
were no alterations in CSF levels of neurofilament light chain, S100B, or
GFAP, indicating that ongoing degeneration is not occurring despite the
neurological deficits™*".

Overall, the pathogenesis and neuropathogenesis of VZV are poorly
understood to date, as it is a highly human-specific virus and thus chal-
lenging to investigate in animal model systems. Simian varicella virus (SVV)
infection in non-human primates has provided valuable insights into the
pathogenesis, as it results in varicella in the animals, and as the virus has a
similar genome in terms of size, structure, and content to VZV***%
However, these non-human primate studies are highly resource-demand-
ing; therefore, the development of severe combined immunodeficiency
(SCID) xenograft transplant mouse models was a major advance in the
field”". Dorsal root ganglia (DRG) xenogratts are utilized to investigate the
neurological facets of the disease, while skin and thymus-liver xenografts are
used to study the skin and T cell aspects, respectively”**”". The use of DRG
xenograft models has already provided insights into the neuropathology of
VZV. Glycoprotein I, both alone and in its interactions with glycoprotein E,
plays a crucial role in the virulence of VZV*’**”’. The DRG neuronal subtype
also appears to influence neurovirulence, as productive VZV replication is
restricted in mechanoreceptive neurons compared to nociceptive neurons.
Interestingly, at later stages, mechanoreceptive neurons undergo selective
depletion despite their reduced permissiveness”*. The continuing use of
these models will hopefully enlighten us further on VZV pathological
mechanisms and how they contribute to long-term neurological compli-
cations, although carrying out behavioral tests may be challenging due to the
severe immunodeficiency of these animals.

Conclusion

Viral infection of the central nervous system can result in significant acute
morbidity, but its impact often extends far beyond the initial illness, man-
ifesting as long-term neurological, cognitive, and psychiatric sequelae.
Despite advances in antiviral therapies and vaccination programs, the
treatment of post-infectious sequelae remains largely supportive as the
underlying causes are still not fully understood.

Evidence points to persistent inflammation, immune dysregulation,
and impaired neurogenesis as key contributors to the pathogenesis of CNS
injury following viral infection. Only a few factors have been identified so
far, such as age or immune status, which may predispose a patient to an
adverse outcome. A deeper understanding of these processes and recogni-
tion of the shared mechanisms underlying CNS damage across different
viral families could pave the way for targeted interventions aimed at pre-
venting or mitigating post-viral neurological damage.
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