O Infection Control 2026;3(1)

- Review

Advances in research on the role of autoimmunity in
psychiatric sequelae of viral encephalitis

Jinyu Wang', Ke Shi', Peng Ji', Yi Chen', Huanwen Li', Jingwen Bian', Guangtai Han',
Di Zhang', Zhui Ke”*
"Xiangshui County People’s Hospital, Xiangshui 224600, Jiangsu, China.

2Shanghai Tenth People’s Hospital, Tongji University School of Medicine, Shanghai 200092, China.

Abstract

The pathophysiological understanding of viral encephalitis is shifting from a paradigm of direct viral injury to
one emphasizing combined infection—immune—mediated damage. This review focuses on how viral infection and
autoimmunity act synergistically to promote encephalitis-related psychiatric sequelae. In addition to disrupting
the blood—brain barrier and activating innate neuroinflammation, viral infections can induce neuron-specific auto-
antibodies, such as anti — N-methyl-D-aspartate receptor (NMDAR) antibodies, leading to sustained immune-
mediated synaptic dysfunction and neuronal injury. These immunopathological processes preferentially affect the
prefrontal cortex, temporal lobe, and limbic system, providing a mechanistic explanation for the high prevalence
of acute and long-term psychiatric manifestations, including delirium, cognitive impairment, mood disorders, and
psychosis. By integrating evidence from clinical phenotypes, cytokine signaling, exosomes, and neuroimaging,
this review underscores the limitations of antiviral therapy alone and highlights the rationale for early combined

immunomodulatory interventions to improve long-term neuropsychiatric outcomes following viral encephalitis.
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" Among infectious etiologies, viral in-

Introduction mechanisms

fections predominate . Viral encephalitis(VE) refers
Encephalitis is a major global neurological disorder  to inflammatory lesions of the brain parenchyma re-
characterized by high morbidity and mortality, affect-  sulting from infection with a range of neurotropic
ing individuals across all age groups, with children = RNA or DNA viruses ¥l Common causative agents in-
and older adults being particularly vulnerable. The  clude herpes simplex virus type 1 and type 2, non-
condition is primarily caused by pathogen infection—  polio enteroviruses, and arthropod-borne viruses such

most commonly viral—or by autoimmune-mediated  as dengue virus, Zika virus, and chikungunya virus. In
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addition, seasonal influenza viruses, cytomegalovirus,
Epstein—Barr virus, human herpesvirus type 6, and re-
emergent measles virus have also been implicated ™.
Among these, herpes simplex virus type 1 exhibits
marked neuroinvasiveness and causes particularly de-
structive brain infections . Given the high sensitivity
of the central nervous system to pathogenic insults
and its limited regenerative capacity, immune-
mediated injury frequently results in irreversible neu-

rological deficits .

The clinical manifestations of viral encephalitis are
heterogeneous and depend on the severity of inflam-
mation, the extent of viral dissemination, and the spe-
cific brain regions involved. Typical features include
acute fever, headache, altered consciousness, seizures,
and focal neurological deficits. Notably, survivors of-
ten experience severe neuropsychiatric sequelae! ™.
This review focuses on recent advances in the under-

standing of viral encephalitis and its associated psychi-

atric manifestations.

The “Dual-Hit” mechanism and the
central role of neuroinflammation

The “Dual-Hit” mechanism

The pathogenesis of VE is multifactorial rather than
driven by a single insult. Using herpes simplex virus
(HSV) infection as an example, CNS injury evolves
through a stepwise process involving direct viral cyto-
toxicity, induction of inflammatory responses, and sub-
sequent activation of virus-specific immune re-
sponses, ultimately leading to sustained damage to the
central nervous system (CNS). Crucially, viral infec-
tion and the subsequent autoimmune response it trig-
gers act synergistically, delivering a “dual-hit” to the

CNS. This combined assault progressively disrupts the

blood — brain barrier (BBB), promotes irreversible
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injuries like neuronal necrosis, and ultimately leads to

long-term neurological deficits.

The central role of neuroinflammation

The neuroinflammation hypothesis is now widely ac-
cepted, with neuroinflammation—defined as inflam-
mation centered within the CNS—considered a com-
mon biological basis for diverse neuropathological al-

: 10
terations 1ol

. Within the CNS parenchyma, microglia,
the resident innate immune cells, maintain their popu-
lation through local proliferation. They express a
broad array of pattern recognition receptors, enabling
continuous surveillance of the microenvironment and
rapid immune responses, thereby constituting the first
line of CNS immune defense. Upon activation, mi-
croglia release cytokines and chemokines, subse-
quently activating astrocytes and recruiting peripheral
immune cells to sites of injury, collectively amplifying

131 Activated microglia

the inflammatory cascade
exhibit macrophage-like functional plasticity and can
polarize toward pro-inflammatory (M1) or anti-
inflammatory/repair (M2) phenotypes, thereby pro-
foundly influencing the trajectory of neuroinflamma-

. 14
thIl[ ].

Emerging evidence has identified specific immune
cell subsets that drive inflammation in herpes simplex
encephalitis (HSE) " Immune cell infiltration into
the CNS, together with BBB disruption, further exac-
erbates neuroinflammation during HSE, creating a vi-

"% Similarly, in Japanese encephalitis

cious cycle
(JE), a well-recognized mechanism involves Japanese
encephalitis virus (JEV) breaching the BBB and ro-
bustly activating microglia and astrocytes, triggering
intense neuroinflammatory responses that culminate in
neuronal injury """ BBB dysfunction increases its per-
meability, facilitating the entry of inflammatory media-

tors and peripheral immune cells into the brain
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parenchyma, thereby directly promoting neuroinflam-
mation and the development of associated psychiatric

symptoms """,

During CNS viral infection, microglia play a pivotal
protective role by initiating both innate and adaptive
immune responses. However, this process may be-
come dysregulated. Aberrant interactions between mi-
croglia and T cells can drive pathological synaptic
stripping (synapse engulfment) and promote neuronal
apoptosis, ultimately contributing to neurocognitive
impairment”. In particular, stimulation by T-cell-
derived cytokines such as interferon-y (IFN-y) can en-
able microglia to directly or indirectly induce neuronal
loss and disrupt neural architecture. Whether these det-
rimental microglial effects represent a passive conse-
quence of neuroinfection or an active amplification of
inflammatory injury during VE remains an important

question requiring further investigation.

Immunopathological mechanisms
Core components of immune-mediated injury

Recent studies increasingly demonstrate that viral-
induced damage to the central nervous system (CNS)
extends far beyond direct viral cytotoxicity. Immune-
mediated neuroinflammation plays a central role in
driving long-term neuropsychiatric sequelae. Key
pathological events involve three interconnected pro-
cesses: (1) the persistent aberrant activation of microg-
lia; (2) the emergence of pro-inflammatory cytokine
storms (e.g., IL-6, IL-1B, TNF-a); and (3) the produc-
tion of autoantibodies against neuronal surface anti-
gens, notably the N-methyl-D-aspartate receptor
(NMDAR)"”. Collectively, these immune responses
lead to functional impairment of brain regions critical
for emotion and cognition, including the limbic sys-

tem and prefrontal cortex.

This immune-mediated process is highly complex. It
involves extensive interactions among diverse ele-
ments, including cytokines, genetic factors, microR-
NAs (miRNAs), exosomes, and numerous cellular and
subcellular components. Direct viral infection of mi-
croglia, astrocytes, or neurons can profoundly reshape
the cerebral immune microenvironment, exacerbate in-
flammatory states, and induce secondary cellular in-
jury. Such immune dysregulation—driven pathology
may cause clinical manifestations to evolve from early
neurocognitive or motor deficits to severe autoim-
mune encephalitis (AE), such as anti-NMDAR en-

cephalitis, and may ultimately result in death ™",
Transition from HSE to autoimmune encephalitis

Clinically, disease relapse occurring in patients with
HSE after antiviral therapy is often not attributable to
viral reactivation, but rather driven by newly emerging
autoimmune responses. These responses specifically
target synaptic antigens within the CNS, most notably
NMDAR and the y-aminobutyric acid type B receptor
(GABA;R). Evidence indicates that HSV infection of
the CNS not only induces anti-NMDAR antibodies "),
but may also trigger autoimmune responses associated
with anti-GABAB, R antibodies*. The presence of
these autoantibodies in the cerebrospinal fluid (CSF)
is closely correlated with disease relapse and progres-
sion, underscoring the decisive role of immunopatho-
logical mechanisms in the long-term outcomes of

HSE.

Prospective clinical studies have shown that up to
27% of patients with HSE develop AE following the
acute phase, a process commonly associated with the
generation of neuronal surface antibodies, particularly
anti-NMDAR antibodies, and typically occurring
within two months after initial HSE treatment””’. No-

tably, these autoantibodies are usually absent during
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the acute phase of HSE, strongly suggesting that their
production represents a secondary immune response
triggered by viral infection. Although the precise
mechanisms remain incompletely understood, two
main hypotheses have been proposed: (i) virus-
induced neuronal injury leading to antigen release, and
(i1) molecular mimicry between viral proteins and neu-
ronal antigens such as NMDAR. While the detection
of antibodies against multiple neuronal antigens in pa-
tients lends greater support to the antigen release hy-
pothesis, the possibility of molecular mimicry cannot

be entirely excluded **.

It is important to emphasize that AE triggered by viral
differs
infection-induced AE. Viral Infection-Induced AE:

infections significantly from non-viral
This type, often referred to as post-infectious autoim-
mune encephalitis, is clinically characterized by a defi-
nite history of viral infection, typically presenting
with prodromal symptoms such as fever and head-
ache. Non-Viral Infection-Induced AE: This category
is usually associated with tumors (e. g., ovarian tera-
toma, small cell lung cancer). It represents an onco-
neural or paraneoplastic response where the immune
system, generated against the tumor, mistakenly at-
tacks the brain. In these cases, evidence of infection is
generally lacking, CSF pathogen tests return negative

results.

In clinical practice, differentiating between these two
scenarios involves the following key steps: history tak-
ing, CSF analysis (the core method), and tumor screen-
ing. Early Stage: Detect the presence of viral nucleic ac-
ids (e.g., HSV-DNA) in the CSF using methods such as
PCR. A positive result supports the diagnosis of viral en-
cephalitis. Convalescent Phase: If the CSF viral test turns
negative but specific autoantibodies (e.g., anti-NMDAR
this

antibodies) become positive, finding strongly

suggests a diagnosis of post-infectious autoimmune
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encephalitis.

Key immune mediators: IFN-y and the interferon

pathway

Within virus-triggered immune cascades, IFN-vy pro-
duced by lymphocytes plays a complex and pivotal
role. Traditionally, IFN-y has been regarded as an aux-
iliary factor that amplifies pro-inflammatory microg-
lial responses. However, emerging evidence indicates
that IFN-vy exerts distinct and direct effects on microg-
lial activation. Specifically, IFN-y can drive microglial
proliferation (microgliosis), mediate pathological syn-
aptic elimination, and induce nitric oxide production,
changes that are sufficient to impair synaptic transmis-
sion, disrupt neuronal oscillations (such as gamma

[28]

rhythms), and compromise cognitive function
More importantly, IFN-y promotes the polarization of
Toll-like receptor (TLR)—activated microglia toward a
neurotoxic phenotype, thereby triggering metabolic
dysfunction, oxidative stress, profound disruption of

neural network activity, and ultimately neuronal

death ™.

The biological effects of interferons are mediated
through the regulation of a broad family of interferon-
stimulated genes (ISGs), whose functions extend well
beyond antiviral defense to encompass extensive im-
munomodulatory roles. During infections of the ner-
vous system, ISGs act in a cell-type- and region-
specific manner to precisely restrict viral invasion and
replication within the CNS"™". These findings high-
light the existence of a finely tuned balance within the
interferon signaling pathway, mediating both antiviral

protection and immune-driven neuropathology.

Exploration of potential biomarkers

Advances in understanding immunopathological
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mechanisms have also driven the search for relevant
biomarkers. Studies have shown that in patients with
neuroinflammation-associated schizophrenia, there is
an increased density of perivascular CD163* macro-
phages in the brain, which correlates with distinct cy-
tokine profiles, including elevated interleukin levels

and TNF-a, concentrations "

In parallel, neurofilament light chain (NfL), a marker of
axonal injury, has been demonstrated to hold significant
value for the diagnosis, differential diagnosis, and prog-
nostic assessment of AE. Although current studies remain
heterogeneous, NfL shows substantial promise as an ob-
jective and effective adjunctive clinical biomarker 7.
The proposed sequential relationship between viral in-
fection, immune dysregulation, neural injury, and psy-

chiatric sequelae is summarized in Figure 1.

The role of exosomes in autoimmunity

Recent studies have revealed that exosomes—
membrane-bound nanovesicles generated via the endo-
cytic pathway—play a critical role in immune-mediated
injury associated with viral encephalitis [18,19]. Using
HSV infection as an example, its pathogenic mecha-
nisms extend well beyond direct viral cytotoxicity.
HSV infection has been shown to induce the release of
neuron-derived exosomes that carry viral microRNAs
as well as neuronal surface antigens, such as the
NMDAR. As highly efficient mediators of intercellu-
lar communication, exosomes can deliver these car-
goes to the immune system, thereby initiating and am-
plifying immune responses directed against self-
neuronal antigens. This mechanism provides a crucial
new perspective for understanding neuronal injury and

secondary autoimmune responses following HSE ™.

Exosomes can be released locally into the brain paren-

chyma and may also enter the peripheral circulation,

28

Viral Infection

Neurotropic Viruses
e.g., HSV, JEV

l

BBB Breach and
CNS Cell Infection

Immune Dysregulation

Persistent Aberrant
Activation of
Microglia/Astrocytes

Pro-inflammatory Cytokine
Storm
IL-6, IL-1B, TNF-0, IFN-y

Autoantibody Production
Anti-NMDAR,
Anti-GABABR, etc.

Exosome-mediated Antigen
Spread
Amplifying Autoimmunity

l

Neural Circuit Damage

Synaptic Dysfunction and
Loss

Neuronal Apoptosis and
Network Oscillation
Disruption

Selective Regional
Vulnerability

|

Psychiatric Sequelae

Cognitive Impairment
Executive Dysfunction

Prefrontal Cortex Injury

Mood Disorders
Memory Deficits

Limbic System Injury
Hippocampus, Amygdala

Psychotic Symptoms
Behavioral Changes

Temporal Lobe etc. Injury

Figure 1. Proposed pathogenic mechanisms linking
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suggesting that they can function as systemic immune
triggers ", Importantly, by presenting self-antigens on
their membrane surfaces, exosomes are capable of di-
rectly activating immune cells, thereby serving as cen-
tral mediators in the induction of CNS autoimmunity
and neuroinflammation. This concept is supported by
clinical evidence demonstrating the presence of
disease-specific exosomes in the cerebrospinal fluid of
patients with autoimmune encephalitis”". Collec-
tively, current data indicate that virus-induced release
of autoantigen-bearing exosomes represents a novel
and critical pathological pathway linking viral infec-
tion to the subsequent development of autoimmune

encephalitis.

Psychiatric and behavioral disturbances
in encephalitis

Epidemiology and clinical spectrum of psychiatric

symptoms

Psychiatric and behavioral abnormalities represent
some of the most prominent clinical manifestations of
encephalitis, spanning the acute phase—manifesting
as delirium and cognitive impairment—and extending
into long-term sequelae. Large-scale clinical studies
indicate that psychiatric symptoms are highly preva-
lent among patients with encephalitis. An analysis of
more than 600 patients with encephalitis reported that
while the incidence of psychiatric symptoms was high-
est in AE (94.3%), more than one-third of patients
with infectious encephalitis also developed such symp-
toms, with approximately 40% of patients with HSE
being affected. Psychiatric manifestations in encepha-
litis fall into five major domains: behavioral abnor-
malities, psychotic symptoms, mood disorders, sleep

. - 35
disturbances, and catatonia "

Another study demonstrated that approximately 81%
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of patients with VE experience varying degrees of psy-
chiatric disorders, with symptoms emerging at different
stages of the disease course °°. These organic psychiat-
ric disorders are primarily characterized by cognitive de-
cline, attentional deficits, perceptual disturbances, altera-
tions in thought content, and changes in mood and per-
sonality. A key distinguishing feature is the frequent pres-
ence of altered consciousness, which differentiates these
conditions from functional psychiatric disorders, such as
primary schizophrenia °”. Due to overlapping clinical
features, encephalitis-related psychiatric symptoms are
often misdiagnosed as schizophrenia, with reported
misdiagnosis rates as high as 45% "*. Accordingly,
heightened clinical vigilance and careful differential
diagnosis are essential to reduce diagnostic errors ™.
At present, reports of psychiatric symptoms associated
with chronic viral encephalitis remain limited, with
such manifestations occurring predominantly during the

acute phase of the disease.

Psychiatric symptom profiles across different etiolo-

gies of encephalitis

The distribution and predominant features of psychiat-
ric symptoms vary according to the etiology of en-
cephalitis. For example, patients with anti-NMDAR
encephalitis exhibit not only an extremely high preva-
lence of psychiatric symptoms but also greater pheno-
typic diversity, with catatonia being particularly promi-
nent. This feature is useful in distinguishing anti-
NMDAR encephalitis from HSE and other forms of
AE. In addition, different viral families are associated
with distinct patterns of neurological sequelae: en-
cephalitis caused by herpesviridae (e.g., HSE) more
commonly affects cognitive and psychiatric domains,
whereas flavivirus-associated encephalitis (such as in-
fections with West Nile virus or Japanese encephalitis
virus) more frequently involves motor neuronal dys-

function in addition to psychiatric manifestations **'.
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Clinical features of HSE and the risk of transition to
AE

As a major neurological complication caused by o -her-
pesviruses, HSE demonstrates age-dependent clinical
characteristics. In children, HSE predominantly presents
with movement disorders (such as chorea and athetosis)
and seizures. In adults, the disease is more commonly
characterized by psychiatric and behavioral disturbances,
cognitive impairment or memory loss, aphasia, seizures,
and altered consciousness, with severe cases progressing

#41 Importantly, in light of the aforementioned

to coma
mechanism whereby viral infection triggers autoimmu-
nity, HSE carries a well-recognized risk of progression
to AE. Studies indicate that approximately 25% of pa-
tients with HSE develop AE-related symptoms within 1—
2 months following infection ¥, while some cases may
present with delayed-onset AE months or even years
later **. This transition substantially increases the risk of
complex and treatment-refractory psychiatric symptoms,

most of which are associated with secondary anti-

NMDAR encephalitis.
Cognitive impairment

Cognitive dysfunction is one of the most common and
severe sequelae of VE, with its manifestations and im-
pact varying according to the causative pathogen and
the brain regions involved. Cognitive impairment is
also a core deficit in schizophrenia, in which patients
typically exhibit marked declines across multiple do-
mains, including memory and executive function "7
This overlap suggests that cognitive dysfunction repre-
sents a transdiagnostic neuropsychiatric phenotype,

underpinned by highly complex relationships between

brain structure and function.

In VE, distinct pathogens give rise to different patterns

of cognitive impairment. For instance, patients with
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HSE frequently experience prominent and persistent
cognitive sequelae. A longitudinal follow-up study re-
ported that 30.3% of HSE survivors exhibited long-
term memory impairment . In contrast, neuroinva-
sive disease caused by West Nile virus (WNV) dis-
plays a different clinical profile. A prospective study in-
dicated that WNV infection primarily affects the basal
ganglia, spinal cord, and cerebellum, resulting in more
pronounced motor dysfunction, while global cognitive
function often remains within the normal range .
Nevertheless, the long-term impact of WNV infection
should not be underestimated, as approximately 70%
of patients reported persistent disability 5.5 years after

infection .

Notably, other studies suggest that post-WNV cogni-
tive impairment may be more prevalent than previ-
ously recognized ", One clinical observation found
that during the acute phase of WNV infection, 93% of
patients exhibited significant neurological deficits; at
90-day follow-up, nearly half of the patients demon-
strated clear cognitive impairment. Specifically, 42%
reported attentional deficits and subjective memory
difficulties, 27% showed impaired comprehension,
and 25% experienced confusion and decision-making
difficulties, respectively “?. These findings indicate
that cognitive impairment following WNYV infection
may exhibit domain-specific vulnerability and under-
score the need for systematic cognitive assessment af-

ter the acute phase.

Neuroanatomical and neuroimaging
basis of encephalitis-related psychiat -
ric disorders

Brain regions involved in emotion and cognition

Psychiatric manifestations secondary to encephalitis

have a well-defined neuroanatomical basis, with clinical
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symptoms closely linked to inflammation or injury in
specific brain regions. Neuroimaging studies have
demonstrated that emotional processing and regulation
primarily depend on the cortico—limbic system, with
key structures including the prefrontal cortex, amyg-
dala, and hippocampus . Among these regions, the
prefrontal cortex is central to working memory, execu-
tive function, and emotional regulation. This is espe-
cially true for the dorsolateral prefrontal cortex
(DLPFC). Dysfunction of this region can result in cog-
nitive deficits, disorganized thinking, and even halluci-
nations and delusions, which are core pathological fea-

. . . [54,55
tures of disorders such as schizophrenia ™**".

Notably, basic research has shown that approximately
40% of patients with schizophrenia exhibit signifi-
cantly elevated mRNA levels of immune-related mark-
ers in the DLPFC", suggesting that neuroimmune
dysregulation may represent a shared mechanism un-
derlying impairments in higher-order cognitive func-
tions. When encephalitic lesions involve these emo-
tion- and cognition-related brain regions, correspond-
ing psychiatric, behavioral, and affective disturbances

are likely to emerge.

Neurotropism of HSV and region-specific brain
injury

HSV exhibits marked neurotropism, preferentially in-
vading the temporal lobes, frontal lobes, and limbic
system, where it commonly induces hemorrhagic and
necrotizing encephalitis *” ", This pattern of region-
specific injury provides a direct explanation for the
characteristic clinical manifestations of HSE. Involve-
ment of the temporal lobe—particularly the hippocam-
pus and amygdala—as well as other epileptogenic re-
gions such as the orbitofrontal cortex, leads to a mark-
edly increased frequency of seizures. Meanwhile, dam-

age to the hippocampus, amygdala, and prefrontal

31

cortex accounts for the frequent occurrence of cogni-
tive deficits, memory impairment, language distur-
bances, and behavioral abnormalities observed in af-

fected patients .

Neuroelectrophysiological and structural neuroimag-

ing evidence

Electroencephalography (EEG), as a sensitive tool
for assessing brain function, can objectively reflect
the severity and extent of brain injury in HSE. Stud-
ies have shown that 60.7% of patients with HSE ex-
hibit abnormal EEG findings, typically character-
ized by diffuse high-amplitude slow waves in the
frontal and temporal regions, often accompanied by
spikes, sharp waves, or epileptiform discharges """
These electrophysiological abnormalities show a
high degree of concordance with structural lesions
in the frontotemporal regions observed on brain
magnetic resonance imaging (MRI), together provid-
ing objective evidence to support the diagnosis of
encephalitis 9 1t should be emphasized, however,
that a normal EEG does not exclude HSE, and clini-

cal diagnosis must rely on multimodal evidence "',

The neuropathological alterations associated with en-
cephalitis and its sequelae can also be revealed
through structural neuroimaging. For example, a longi-
tudinal study of HSVI1-seropositive patients with
schizophrenia demonstrated a significant reduction in
gray matter volume of the posterior cingulate cortex
over a one-year follow-up period, while prefrontal
gray matter volume remained relatively preserved.
These findings suggest that HSV1 exposure may be as-
sociated with posterior cingulate gray matter loss and
concomitant declines in executive function in patients
with schizophrenia ”. Notably, similar reductions in
posterior cingulate gray matter volume have been ob-

served in HSV1 encephalitis survivors treated with
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acyclovir, indicating that region-specific structural
damage driven by infection or immune responses may

persist even after viral clearance.
Functional neuroimaging features

Functional neuroimaging, particularly "*F-fluorodeoxy-
glucose positron emission tomography/computed to-
mography (“F-FDG PET/CT), provides a direct as-
sessment of cerebral metabolic activity in different AE
antibody subtypes and reveals highly distinctive meta-
bolic patterns. Anti-NMDAR encephalitis is character-
ized by a typical “frontotemporal dissociation” pat-
tern, featuring widespread hypometabolism in the fron-
tal lobes with relative hypermetabolism or preserva-
tion in the medial temporal lobes, including the hippo-
campus ‘. In addition, hypometabolism of the oc-
cipital cortex, involving both medial and lateral re-
gions, represents another prominent imaging hallmark
of this disorder '’ Case-based studies further suggest
that psychotic symptoms may be closely associated
with localized metabolic abnormalities in the anterior

cingulate cortex .

In anti-LGI1 encephalitis, the characteristic pattern
consists of unilateral or bilateral hypermetabolism in
the medial temporal lobes, particularly the hippocam-
pus, often accompanied by metabolic abnormalities in
the basal ganglia. This hypermetabolic state is consid-
ered an imaging correlate of active inflammation and
serves as an important diagnostic clue for anti-LGI1
encephalitis'”. By contrast, anti-AMPAR encephali-
tis, a rare form of limbic encephalitis, typically demon-
strates hypometabolism in the frontal lobes and poste-
rior cingulate cortex on PET/CT imaging '®’. This
metabolic pattern is consistent with its clinical presen-
tation, which is dominated by short-term memory loss,
seizures, and psychiatric disturbances, reflecting dys-

function of the limbic system.
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Neuropsychiatric outcomes and reha-
bilitation considerations after
encephalitis

Neuropsychological and psychiatric outcomes fol-
lowing encephalitis exhibit marked etiological het-
erogeneity. With advancing research, the clinical
spectrum of post-encephalitic psychiatric sequelae
has become increasingly well defined. In addition to
acute-phase manifestations such as delirium, mania,
and psychotic symptoms, certain neuropsychologi-
cal functions—particularly in patients with severe
acute injury—may show partial improvement over

time.

However, a range of long-term and subtle neuropsychi-
atric sequelac warrants sustained clinical attention.
These include organic affective disorders such as de-
pression and anxiety, organic personality and behav-
ioral changes, and persistent cognitive impairments in-
volving memory, attention, and executive function, as
well as apathy and deficits in impulse control ™. Such
manifestations should be systematically incorporated
into comprehensive rehabilitation assessment and inter-
vention frameworks to optimize long-term functional

outcomes.

Currently, clinical practice primarily relies on the fol-
lowing categories of biomarkers to aid in diagnosis
and assessment: Diagnostic Biomarkers: Neuronal au-
toantibodies (detected in cerebrospinal fluid and se-
rum) are the most core biomarkers for diagnosing AE.
Examples include anti-NMDAR antibodies, anti-LGI1
antibodies, and anti-GABAyR antibodies. Auxiliary
Biomarkers: Cerebrospinal fluid free light chains (e.g.,
NfL "*) and oligoclonal bands (OCB) . In addition,
inflammatory cytokines in the cerebrospinal fluid—
such as IL-6 and IFN-y **—are elevated in some AE

patients and represent a promising future research
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direction.

Taking post-encephalitic depression and anxiety disor-
ders as representative examples, their occurrence is
closely associated with structural and functional altera-
tions in specific brain networks. Neuroimaging studies
have established that the key brain regions implicated
in depression include the hippocampus, prefrontal cor-
tex, amygdala, anterior cingulate cortex, insular cor-
tex, and nucleus accumbens. Further functional con-
nectivity analyses indicate that abnormal intra-
prefrontal and interregional connectivity involved in
executive control and emotion regulation may serve as
neurofunctional signatures of depression, whereas
dysfunction of the striatal—amygdala circuitry, which
is related to reward processing and emotional learning,
is more characteristically associated with anxiety

disorders [70].

Structural imaging studies have consistently reported
a significant reduction in hippocampal volume in pa-
tients with depression, and this anatomical change is
positively correlated with the severity of depressive
symptoms and accompanying cognitive impairment.
These findings suggest that anatomical alterations—
including cortical atrophy, white matter degenera-
tion, and hippocampal volume loss—may directly
contribute to the pathophysiology of mood disorders
through multiple mechanisms, such as neurodegen-
eration, neuroinflammation, and neurotransmitter im-
balance """, Of particular note, a bidirectional vicious
cycle may exist between depression and neuroinflam-
mation: depressive states may trigger or exacerbate
neuroinflammatory responses, leading to further
brain dysfunction, which in turn aggravates affective
symptoms ">, This framework provides an important
theoretical perspective for understanding the chronic-
ity and persistence of mood disorders following

encephalitis.
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Treatment

Prevention and early antiviral therapy

The management of viral encephalitis remains highly
challenging. Given the lack of specific antiviral thera-
pies for many neurotropic viral infections, preventive
strategies are of paramount importance. Vaccination
has been proven to substantially reduce the incidence
of certain forms of viral encephalitis; for example, a
five-year Japanese encephalitis vaccination program

resulted in a 78% reduction in cases in Nepal ",

From a therapeutic perspective, early antiviral therapy
remains the cornerstone of viral encephalitis manage-
ment. Agents such as acyclovir can significantly im-
prove clinical outcomes; however, delays in treatment
are associated with mortality rates as high as 70%, and
fewer than 3% of patients regain baseline neurological
function ™", These data underscore the critical impor-
tance of early diagnosis and timely intervention.
Metagenomic next-generation sequencing (mNGS) en-
ables rapid and precise detection of pathogen nucleic
acids in cerebrospinal fluid, providing a powerful tool
for the early diagnosis of HSE. This approach facili-
tates the initiation of targeted antiviral and immuno-
modulatory therapies, thereby helping to halt disease

. . - [57
progression and improve prognosis .

Rationale and strategies for immunomodulatory

therapy

Clinically, a subset of patients develop multiple auto-
antibodies following herpesvirus infection, predomi-
nantly HSV-1, suggesting the presence of post-

46 .
1 These immune

infectious autoimmune responses
responses may initially spare the nervous system; how-
ever, in some cases they evolve into targeted attacks

against specific neuronal receptors, such as NMDAR,
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manifesting as relapsing or biphasic disease courses. A
prospective multicenter study demonstrated that ap-
proximately 40% of patients with HSE developed neu-
ronal surface antibodies during follow-up, nearly half
of whom exhibited corresponding clinical symptoms.
This phenomenon was observed across all age groups
and both sexes . These findings identify HSE pa-
tients as a high-risk population for autoimmune en-
cephalitis, underscoring the need for long-term

surveillance.

Accordingly, patients who develop chorea-like move-
ments, marked psychiatric and behavioral changes, or
clinical phenotypes suggestive of anti-NMDAR en-
cephalitis after HSE should undergo testing for
NMDAR antibodies and other neuronal surface anti-
gens B3 In cases with a high clinical suspicion of auto-
immune encephalitis, early initiation of immunomodu-
latory therapy, such as corticosteroids and intravenous
immunoglobulin (IVIG), may be considered even be-

fore antibody results become available .

In particular, post-HSE autoimmune encephalitis is of-
ten associated with more severe inflammatory re-
sponses and blood—brain barrier disruption, and may
respond less favorably to standard immunotherapies
compared with non-virus-triggered autoimmune en-
cephalitis. Consequently, earlier and more aggressive
use of second-line immunosuppressive agents, such as
rituximab, may be required to achieve effective dis-

ease control in these patients """

Prognosis

The prognosis of viral encephalitis is influenced by mul-
tiple factors and is generally poor. Predictors of unfavor-
able outcomes in acute viral encephalitis include immu-
nocompromised status, altered consciousness at admis-

sion (such as a reduced Glasgow Coma Scale score),
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seizures, and delayed initiation of antiviral therapy.
These factors have been consistently identified as inde-

pendent risk factors significantly associated with

moderate-to-severe neurological sequelae or mortality 7.

Beyond acute-phase determinants, psychosocial stress
has also been recognized as an important trigger for re-
activation of latent viruses, mediated through modula-
tion of neuroendocrine—immune pathways. Catechol-
amines and glucocorticoids can suppress innate im-
mune responses and interferon signaling, while simul-
taneously promoting viral replication. For instance,
major psychological stressors, such as berecavement,
may contribute to the reactivation of latent herpes sim-
plex virus infection *”. Accordingly, even after resolu-
tion of the acute infectious phase, patients require
long-term follow-up and monitoring because of the on-
going risk of progression to chronic neuropsychologi-

. 43
cal disorders ",

In addition, individual susceptibility to viral encephali-
tis and its sequelae exhibits substantial genetic hetero-
geneity. Specific genetic variants can increase disease
risk; for example, the HLA-DRB1*16:02 allele may
promote aberrant activation of autoimmune responses
by influencing the binding efficiency of antigenic

[75] In

peptide — MHC complexes to T-cell receptors
contrast, individuals who do not carry such susceptibil-
ity alleles are less likely to develop misdirected im-
mune attacks against the central nervous system, even
after viral infection and antibody production. These
observations highlight the critical regulatory role of
genetic background in the pathogenesis of post-

infectious autoimmune encephalitis.

Conclusions and future perspectives

This review systematically elucidates the ‘“dual-hit”

mechanism underlying neuropsychiatric symptoms
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following viral encephalitis, whereby viral infection
and secondary autoimmune responses act in concert to
induce widespread damage to the central nervous sys-
tem through disruption of the blood—brain barrier, acti-
vation of the complement system, and T cell-mediated
cytotoxicity. Accumulating evidence further reveals a
complex interactive network linking neuroinflamma-
tion with psychiatric and behavioral disturbances, af-
fective dysregulation, and cognitive impairment, in-
volving multilayered dysregulation across the immune

system, neurotransmitter signaling, and brain circuitry.

Future efforts should prioritize two goals: first, devel-
oping highly specific neuroinflammatory biomarkers
for early diagnosis; second, exploring novel anti-
inflammatory and immunomodulatory strategies that
target key immunopathological pathways. This is espe-
cially critical for patients who respond poorly to con-
ventional psychotropic treatments. In parallel, greater
emphasis should be placed on personalized diagnostic
and therapeutic approaches, integrating genetic suscep-
tibility, inflammatory profiles, and environmental fac-
tors, while further elucidating the roles of critical
brain regions, such as the cingulate cortex, in post-
encephalitic neuropsychiatric sequelae. Moreover, pro-
spective evaluation of combined anti-inflammatory
and immunomodulatory interventions initiated during
the acute phase of herpes simplex encephalitis to pre-
vent long-term autoimmune complications and im-
prove outcomes represents an important direction for

future clinical research.
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