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SUMMARY Herpes simplex virus 1 (HSV-1) can be responsible for life-threatening
HSV encephalitis (HSE). The mortality rate of patients with HSE who do not receive
antiviral treatment is 70%, with most survivors suffering from permanent neurologi-
cal sequelae. The use of intravenous acyclovir together with improved diagnostic
technologies such as PCR and magnetic resonance imaging has resulted in a reduc-

tion in the mortality rate to close to 20%. However, 70% of surviving patients still do Citation Piret J, Boivin G. 2020.
not recover complete neurological functions. Thus, there is an urgent need to de- Immunomodulatory strategies in herpes

) L. ) . simplex virus encephalitis. Clin Microbiol Rev
velop more effective treatments for a better clinical outcome. It is well recognized 33:000105-19. https://doiorg/10.1128/CMR
that cerebral damage resulting from HSE is caused by viral replication together with .00105-19.
an overzealous inflammatory response. Both of these processes constitute potential Copyright © 2020 American Society for

targets for the development of innovative therapies against HSE. In this review, we Microbiology. All Rights Reserved.
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discuss recent progress in therapy that may be used to ameliorate the outcome of e ey o
patients with HSE, with a particular emphasis on immunomodulatory agents. Ideally, Published 12 February 2020
the administration of adjunctive immunomodulatory drugs should be initiated dur-
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ing the rise of the inflammatory response, and its duration should be limited in time
to reduce undesired effects. This critical time frame should be optimized by the
identification of reliable biomarkers of inflammation.

KEYWORDS encephalitis, herpes simplex virus, immune response,
immunomodulatory drugs

INTRODUCTION

erpes simplex virus 1 and 2 (HSV-1 and HSV-2) belong to the Alphaherpesvirinae

subfamily in the Herpesviridae family (1). These enveloped viruses contained
double-stranded DNA (dsDNA) located in an icosahedral capsid surrounded by a
tegument. Alphaherpesviruses are characterized by a short replicative cycle leading to
host cell lysis. After a primary infection, these viruses migrate to the sensory ganglia,
where they enter into a latent state for the host’s lifetime. During the latency period,
the transcription of viral genes is largely suppressed. These viruses can reactivate
periodically to induce recurrent infections. HSVs typically cause mucocutaneous infec-
tions that are usually self-limiting in immunocompetent hosts but can be serious in
immunocompromised patients. HSVs can also be responsible for stromal keratitis,
which represents the most frequent cause of blindness in the United States. More
rarely, HSVs can invade the central nervous system (CNS) and cause life-threatening
encephalitis in adults and children. Furthermore, in the newborn, HSV infections can be
localized and affect the skin, eyes, and mouth or be disseminated with or without
encephalitis.

HERPES SIMPLEX VIRUS ENCEPHALITIS
Epidemiology

In the United States, it is estimated that 20% to 50% of encephalitis cases result from
a viral infection (2, 3). HSVs account for 50% to 75% of viral encephalitis, whereas
varicella-zoster virus, enterovirus, and arbovirus are responsible for most of the remain-
ing cases. The annual incidence of herpes simplex virus encephalitis (HSE) is estimated
to be 2 to 4 individuals per million population (4-6). In adults and children, over 90%
of HSE cases result from HSV-1 infection (7). Encephalitis caused by HSV-2 usually
occurs in the newborn or in immunocompromised patients. About 30% of HSE cases
are due to a primary HSV-1 infection, whereas the remaining cases are attributed to
viral reactivation or reinfection. In contrast to arboviruses and enteroviruses, the
incidence of HSE does not vary with seasons or geographic locations (2, 3). The
incidence of the disease shows a bimodal age distribution, with a first small peak in
the pediatric population (age range from 6 months to 3 years) and a second greater
peak in adult patients (over 50 years of age) (2, 4). The occurrence of HSE in immuno-
compromised patients seems to be similar to that observed in immunocompetent
individuals (8), but epidemiologic data are still lacking in this population.

Clinical Manifestations

Encephalitis can result from infectious, postinfectious, or noninfectious etiologies
and consists of brain parenchyma inflammation associated with clinical evidences of
neurologic dysfunctions. Brain inflammation leads to an altered mental status that
manifests in the form of reduced consciousness and altered cognitive functions, as well
as changes in personality and/or behavior. Gnann and Whitley (9) compiled the clinical
signs for 388 patients diagnosed with HSE that were extracted from several studies. The
most common clinical manifestations related to HSE include fever (80%), confusion/
disorientation (72%), changes in personality/abnormal behavior (59%), headache (58%),
impaired mental status/altered consciousness (58%), seizures (54%), focal neurological
disabilities (41%), nausea and vomiting (40%), aphasia/altered speech (40%), coma
(33%), and meningismus (28%). The state of consciousness of a patient can be assessed
by the Glasgow coma score (GCS), which is based on eye, verbal, and motor responses.
However, the GCS is a crude test for the detection of subtle alterations in behavior.
Clinical features that may be more specifically related to HSE include prodromal
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symptoms such as headache and fever, which mimic upper respiratory tract or other
systemic infections, as well as neurologic abnormalities associated with dysfunctions of
the fronto-temporal lobes. The lack of a specific clinical picture makes the diagnosis of
HSE difficult. The unusual clinical and neurologic presentations of HSE in immunocom-
promised patients, exhibiting fewer prodromal symptoms (29% versus 80%) or focal
neurologic deficits (29% versus 73%) than immunocompetent individuals, make the
diagnosis even more challenging in this population (10).

DIAGNOSTIC PROCEDURES

Brain biopsy used to be the gold standard diagnostic test for HSE, but nowadays,
this neuroinvasive procedure is performed only on rare occasions. Today, the gold
standard method for the diagnosis of HSE consists of nucleic acid amplification by PCR
for the detection of HSV-1 and HSV-2 genes in the cerebrospinal fluid (CSF) (11, 12).
Brain inflammation can be demonstrated by surrogate markers such as inflammatory
changes in the CSF and/or inflammation of the brain parenchyma on neuroimaging
(13). Cerebral dysfunction leading to abnormal behavior or subtle motor or noncon-
vulsive seizures can be evidenced by electroencephalography (EEG) (14). Thus, current
diagnostic tests are based on CSF analysis (including differential cell count, glucose and
protein levels, amplification of HSV-1/-2 DNA by PCR, and intrathecal HSV-specific
antibody production), neuroimaging, and EEG.

Histopathological Analysis

HSE causes acute inflammation, hemorrhage, and congestion in one or both tem-
poral lobes and in adjacent areas of the limbic system in adults, whereas brain
involvement is more diffuse in the newborn. A congestion of the meninges overlying
the temporal lobes may also be observed. In early stages of HSE, a shrinkage of the
cytoplasm of neuronal cells located in infected regions of the brain suggests an acute
ischemia that is associated with marked congestion, dilatation of capillaries, and
hemorrhage. Several cells contain Cowdry type A inclusions, consisting of large, eosi-
nophilic intranuclear inclusions that support the diagnosis of HSE. Viral antigens are
detected mainly in the medial and inferior temporal lobes, amygdaloid nuclei,
hippocampus, insula, and cingulate gyrus as well as in the olfactory cortex (15). An
infiltration of neutrophils in infected areas of the brain usually occurs in the first 2 to
3 days after onset of the disease, whereas macrophages and lymphocytes become the
predominant populations after 10 to 15days (16). After 3 weeks, the necrosis pro-
gresses to frank necrosis, with the presence of inflammation and gliosis, although the
detection of viral antigens is reduced at this stage (15).

In immunocompromised patients, brain involvement is more extensive, with lesions
in the brainstem and the cerebellum as well as in atypical regions (e.g., diffuse lesions
in the cerebrum) without necessarily affecting the temporal lobes. The histopathologic
features are atypical, with a lack of necrosis and hemorrhage, the presence of nonin-
flammatory lesions, and abundant viral antigens that persist for more than 3 weeks
after disease onset (10, 17). The wider distribution of infected areas and the presence
of noninflammatory lesions may result from an ineffective host immune response that
is unable to control the viral spread while inducing less tissue damage.

Cerebrospinal Fluid Analysis

All patients with clinically suspected encephalitis should be subjected to a lumbar
puncture as early as possible (except if this is contraindicated by elevated intracranial
pressure due to brain shift or herniation). The opening pressure is generally normal or
slightly elevated. Most of the patients suffering from HSE typically exhibit lymphocytic
pleocytosis, elevated protein levels, and unchanged glucose levels in CSF specimens. In
more than 95% of these patients, the CSF presents a modest pleocytosis (5 to
500 cells/mm?3) with a predominance of lymphocytes (60 to 98%). However, normal
leukocyte counts in CSF (<5 cells/mm3) may rarely occur, especially in early stages of
the disease as well as in the neonate. CSF specimens obtained from immunocompro-
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mised patients with HSE often present with a lack of pleocytosis and, in some cases, a
predominance of polymorphonuclear cells. The CSF also commonly contains slightly
elevated numbers of erythrocytes which result from hemorrhage. A mild increase in the
protein level in CSF (50 to 200 mg/dl) occurs in more than 80% of cases. The glucose
level is usually normal (60 to 75 mg/dl), and it is estimated that less than 5% of patients
with biopsy-confirmed HSE have hypoglycorrhachia (18). Nucleic acid amplification in
CSF specimens by PCR allows detection of HSV-1 and HSV-2 genes. The sensitivity and
specificity values of this technique are high in adults (96% and 99%, respectively) and
more variable in neonates and children (19, 20). The timing of testing with respect to
onset of disease and antiviral therapy should be taken into account when interpreting
PCR results. Indeed, PCR testing in CSF performed very early in the course of the disease
(i.e., during the first 3 days) may be negative (21-23), and testing should be repeated
if the clinical presentation strongly suggests HSE (22). PCR is positive during the first
week of treatment with acyclovir and usually becomes undetectable after 10 to 14 days
of therapy (11). A false-negative PCR can be due to a suboptimized method or to the
presence of hemoglobin or other PCR inhibitors in the CSF. False-positive results may
occur in the case of cross-contamination of samples. If the results of the first lumbar
puncture are inconclusive, a second one should be performed if HSE is strongly
suspected. Furthermore, as the blood-brain barrier (BBB) cannot be crossed by IgM
antibodies, the detection of intrathecal HSV-specific IgM by ELISA at 10 to 14 days after
onset of symptoms is suggestive of a neuroinvasive infection and can help to confirm
the diagnosis of HSE in selected cases.

Multiplexed molecular diagnostic tests for the simultaneous, rapid (less than 1 h)
detection of bacteria, viruses, and yeast directly from CSF specimens have been recently
developed. The FilmArray meningitis/encephalitis (ME) panel (BioFire Diagnostics LLC)
is an FDA-cleared diagnostic test designed to identify 14 pathogens (7 viral targets, 6
bacterial targets, and 1 yeast target) involved in community-acquired meningitis/
encephalitis. The FilmArray ME panel is simple to use, allows more rapid results, and has
good performance (although is slightly less sensitive) in comparison to culture and
molecular reference diagnostic methods (24, 25). However, a systematic review and
meta-analysis reported that high numbers of false-negative results were obtained for
the detection of HSV-1 and HSV-2 targets (26). Therefore, in cases of neonates or
immunocompromised patients with clinically suspected HSE, it is recommended to
confirm a negative multiplex result by running a singleplex PCR assay.

Neuroimaging

Brain swelling is a severe complication of HSE that results in intracranial hyperten-
sion. The swelling is generally asymmetric and may cause brain tissue shift and
herniation. Computed tomographic (CT) imaging can be used for a rapid assessment of
patients with suspected elevated intracranial pressure that may contraindicate a lum-
bar puncture. Abnormal CT scans related to HSE are characterized by hypodense lesions
(typically in the temporal lobe), edema, or contrast enhancement. However, the CT
imaging method (with or without administration of an intravenous [i.v.] contrast agent)
lacks sensitivity, especially in early stages of the disease (27).

In contrast, magnetic resonance imaging (MRI), including T1- or T2-weighted,
diffusion-weighted imaging (DWI) or fluid-attenuated inversion recovery (FLAIR) se-
quences, is the most sensitive and specific neuroimaging method for the diagnosis of
HSE in the early stages of the disease (28). Abnormalities on MRI scans have been
demonstrated in more than 90% of patients with PCR-confirmed HSE (29). Findings on
MRI include asymmetric hypodense lesions on T1-weighted images and hyperintense
lesions on T2-weighted and FLAIR images. Neuroimaging abnormalities correspond to
edematous changes and hemorrhage that are typically localized in the medial temporal
lobes with a unilateral or bilateral involvement and that distribute along the limbic
system to reach the inferior frontal lobes as well as the insular cortex. DWI has been
shown to be superior to FLAIR sequences when MRI is performed within 2 weeks after
the onset of symptoms (30). However, high-resolution FLAIR allows the detection of
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thalamus involvement in HSE that cannot be visualized with DWI. Bilateral temporal
lobe involvement or more extensive brain involvement at admission is associated with
a poor prognosis (31). In immunocompromised patients, brain involvement is broader
and regions other than the temporal lobes, such as the brainstem and the cerebellum,
are affected.

Electroencephalography

Damage caused by HSE is located mainly in the highly epileptogenic mesial tem-
poral lobe and the hippocampus. It has been reported that 40% to 60% of patients had
epileptic seizures at early stages of HSE (32). EEG patterns in patients with HSE usually
reveal spike and slow-wave activity as well as periodic lateralized epileptiform dis-
charges (PLEDs) in the fronto-temporal and occipital regions, which are typically
recorded 2 to 14 days after the onset of symptoms (14).

TREATMENT
Antiviral Therapy

Before the availability of antiviral therapy, the mortality rate of patients suffering
from HSE was 70% and most of the survivors were left with severe neurological deficits,
seizures, and/or neuropsychological dysfunctions (33). The nucleoside analogue vidara-
bine was the first antiviral agent used for the treatment of HSE (33). The benefit of
acyclovir in the treatment of HSE was then demonstrated in two randomized, con-
trolled clinical trials (34, 35). Both studies compared acyclovir (10 mg/kg three times
daily) to vidarabine (15 mg/kg once daily) administered intravenously to patients with
suspected HSE for 10 days. The 6-month mortality rate was significantly reduced in the
acyclovir arm compared to the vidarabine arm (28% versus 54% and 19% versus 50%
in the first and second studies, respectively). Intravenous acyclovir is now the drug of
choice for the treatment of HSE. Acyclovir, which is a nucleoside analogue, needs to be
phosphorylated once by the viral thymidine kinase and twice by cellular kinases to be
converted into its active form (36). The triphosphorylated form competes with deoxy-
nucleotide analogues for incorporation into replicating DNA by the viral DNA polymer-
ase. In addition, acyclovir triphosphate acts by terminating viral DNA chain elongation.
Current guidelines recommend extending the duration of acyclovir treatment from
10 days to 14 to 21 days to reduce the incidence of HSE relapses (37). The recom-
mended dosage of acyclovir is 10 mg/kg given intravenously every 8 h for 14 days in
immunocompetent individuals and for 21 days in immunocompromised patients and
children in the 3-month to 12-year age range. A higher dose of 20 mg/kg three times
daily for 21 days is suggested in neonates (38). The dose of acyclovir should be adjusted
in patients with an altered renal function. Antiviral therapy must be started as early as
possible after the onset of symptoms for a better clinical outcome (39-41). A multi-
variate analysis showed that a delay of more than 2 days from the time of admission to
initiation of acyclovir therapy is an independent predictor for an increased risk of severe
neurological sequelae or death at 6 months with an odds ratio of 3.1 (39). The atypical
clinical, laboratory, or neurologic features in immunocompromised patients suffering
from HSE may result in a delay in diagnosis, leading to significantly worse outcomes
and mortality (10).

Management

The Infectious Diseases Society of America and the Association of British Neurolo-
gists and British Infection Association National Guidelines have proposed recommen-
dations for the management of patients with suspected encephalitis (42, 43). All
patients with clinically suspected HSE should be subjected as soon as possible to CSF
analysis and MRI scans. Empiric antiviral therapy with intravenous acyclovir at a dose of
10 mg/kg every 8 h should be initiated promptly, pending results of laboratory tests of
CSF and MRI. The diagnosis is typically established by the detection of viral DNA in the
CSF by PCR, and results should be as follows. (i) If the initial PCR is positive, U.S.
guidelines recommend that acyclovir treatment be administered for 14 to 21 days
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without the need of a systematic second lumbar puncture. In contrast, the British
recommendation is to repeat the viral DNA PCR in CSF at the end of acyclovir course
and, if positive, to continue antiviral treatment for 7 additional days and until a negative
PCR is obtained. (ii) If the initial PCR is negative, U.S. guidelines recommend that the
PCR should be repeated 3 to 7 days later in patients who exhibit clinical features of HSE
or temporal lobe lesions on MRI scans, whereas the British guidelines recommend
repeating the PCR after 24 to 48 h. In both cases, acyclovir therapy can be stopped if
the second PCR is negative. Of note, it is also suggested that an absence of HSE may
be confirmed by a negative initial PCR together with negative intrathecal HSV-specific
IgM antibodies at 10 to 14 days after the onset of symptoms (44).

Attempts To Improve Antiviral Therapy

Recent studies evaluated the long-term outcome of patients with proven HSE
following acyclovir therapy and showed that the mortality rate by day 180 after onset
of symptoms was 15%. In the remaining population, 14% completely recovered, 23%
had minimal impairment, 28% had moderate neurological disorders, and 20% had
severe neurological sequelae (39, 45). The incomplete recovery of neurological func-
tions constitutes an enormous burden for the health care system (3). There is thus an
urgent need for improved treatment to reduce the occurrence of long-term sequelae
resulting from HSE. It was suggested that persistent viral replication at a low level in the
brain may contribute to the neurological disabilities of patients surviving from HSE.
However, the administration of higher doses of acyclovir (15 mg/kg every 8 h for 14 or
21 days) did not improve the outcome in adult patients (27). Furthermore, a random-
ized, placebo-controlled clinical study evaluated the benefit of long-term therapy with
valacyclovir (an L-valyl ester prodrug of acyclovir with higher oral bioavailability than
the parent drug) in PCR-confirmed HSE patients who completed a standard treatment
with intravenous acyclovir (46). Results showed that an additional 3-month adminis-
tration of oral valacyclovir (2 g three times daily) did not provide added benefit
compared to standard acyclovir therapy, as determined by the Mini-Mental State
Examination or the Mattis Dementia Rating Scale tests after 12 months.

COMPLICATIONS AFTER ANTIVIRAL THERAPY
Viral Resistance to Acyclovir

The emergence of HSV strains resistant to acyclovir has been very rarely observed in
patients treated for HSE (47-54). Antiviral drug resistance may be suspected in patients
who do not respond to treatment or who develop neurological deterioration despite a
full course of acyclovir. A lumbar puncture should be performed. The CSF should be
tested for the detection of viral DNA by PCR, and the presence of resistance-associated
mutations should be investigated by genotypic testing. The mechanisms of acyclovir
resistance in HSV involved mutations in viral genes encoding thymidine kinase and/or
DNA polymerase (55). In the case of viral resistance, the pyrophosphate analogue
foscarnet constitutes the second-line drug. The dose and schedule of administration of
intravenous foscarnet for the treatment of HSE are 90 mg/kg every 12 h or 60 mg/kg
every 8 h (13). The dose of foscarnet should be adjusted for patients with altered renal
function. A combination of foscarnet and acyclovir has also been successfully used to
treat patients who develop HSE caused by an acyclovir-resistant strain (47) or in whom
an acyclovir-resistant strain was selected during therapy (48, 54). Cidofovir, an acyclic
nucleoside analogue, is not indicated for the treatment of HSE. The orally bioavailable
lipid conjugate of cidofovir, CMX001 or brincidofovir, has been developed to limit the
toxicity of the parent drug (56), but it is not approved for the treatment of infections
caused by HSV. Brincidofovir has been shown to diffuse readily across the BBB and to
be superior to acyclovir for the treatment of HSE in a murine model (57). Furthermore,
a combination of brincidofovir and acyclovir acts synergistically to decrease the mor-
tality rate of mice infected by the intranasal route with HSV-1 (58). Thus, the use of
brincidofovir alone or combined with acyclovir in the treatment of HSE warrants further
developments.
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Viral and Autoimmune Relapses

The incidence of relapses that occur after a first episode of HSE is estimated to be
between 5% and 27% (59-61). Most relapses affect children and develop within 3
months after completion of a full course of antiviral therapy, but HSE relapses have
been also reported in adults. Relapses can manifest in two different ways. In a first
subset of patients, the detection of viral DNA is positive in the CSF, suggesting a
persistent infection or a viral reactivation, and represents true relapses of HSE. The
presence of new necrotic and hemorrhagic lesions can also be detected at a distance
from the primary site of infection on brain imaging (62). The severity of relapses is
generally lower than that of the initial episode of HSE.

In a second subset of patients, the HSV PCR in the CSF is negative. However, 1gG
antibodies against a restricted epitope region of the N-methyl-p-aspartate receptor
(NMDAR) (63) expressed on many excitatory glutamate synapses and other neuronal
surface proteins such as the dopamine-2 receptor (64) are detected in the serum or CSF.
The mechanisms involved in the synthesis of autoimmune antibodies are unknown. It
is suggested that neuronal autoimmunity results from an exposition of antigens
following virus-induced neuronal cell lysis in a severely inflamed environment, a
nonspecific B-cell activation as reported in other neurologic disorders such as multiple
sclerosis, or a molecular mimicry between NMDAR and viral proteins. This secondary
immune-mediated neurological deterioration triggered by HSV infection of the CNS is
called HSE-induced autoimmune encephalitis. The clinical manifestations of HSE-
induced autoimmune encephalitis include choreoathetosis, impaired consciousness,
and refractory seizures in children under 4 years of age, whereas cognitive deficits and
psychiatric symptoms are observed in older children and adults. Brain examination by
MRI does not reveal the presence of new necrotic lesions. The lack of markers of
destruction of neural (i.e, neuron-specific enolase) and glial (i.e., glial fibrillary acidic
protein and S-100B) cells in the CSF suggests that viral cell lysis does not occur during
HSE-induced autoimmune encephalitis (65). In contrast, the levels of soluble CD8 (a
marker of cytotoxicity mediated by T cells) and of several cytokines/chemokines
produced by Th1 (such as CXC motif ligand 9 [CXCL9] and CXCL10) and B cells (such
as CXCL13, CC motif ligand 19 [CCL19], and a proliferation-inducing ligand [APRIL])
were increased during post-HSE anti-NMDAR encephalitis (66). Furthermore, HSE-
induced anti-NMDAR autoimmunity has been shown to affect cognitive perfor-
mance in the Mattis Dementia Rating Scale and Mini-Mental State Examination tests
(67). A lack of efficacy of antiviral therapy in improving choreoathetosis has been
reported in children (60). In contrast, older children and adult patients with HSE-
induced autoimmune encephalitis receiving aggressive immunotherapy had a favor-
able outcome, with a reduction in serum NMDAR antibody titers (64, 68-73). First-line
therapies for HSE-induced autoimmune encephalitis consist of steroids, immunoglob-
ulins, and plasma exchange, which can be escalated to more aggressive combinations
with second-line drugs such as rituximab and cyclophosphamide, if needed (74).

Thus, after initial clinical improvement of HSE, patients who present with new or
recurrent neurologic symptoms and with a negative HSV PCR in CSF should be tested
for the presence of anti-NMDAR IgG antibodies in serum and CSF. Immunotherapy may
be effective in these patients and should be initiated even if a clinical trial is still lacking
to establish formal recommendations. Anti-NMDAR antibodies are not detected during
the acute phase of HSE but appear 1 to 4 weeks later (75). It is thus suggested that
adjunctive anti-inflammatory drugs or immunotherapy may be effective for the treat-
ment of HSE during the acute phase as well as for the prevention of the subsequent
development of anti-NMDAR encephalitis.

Long-Term Persistent Immune Activation after HSE

Several studies have reported that the HSV DNA load in CSF is not a reliable
prognostic marker of the clinical outcome of patients with HSE treated with a full
course of acyclovir (76, 77). This suggests not only that the pathogenesis of HSE is
associated with viral replication in brain tissue but that the host inflammatory response
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also contributes indirectly to brain injury. In the acute phase of HSE, patients exhibit
an intrathecal inflammatory response, as indicated by the increased production of
interleukin-6 (IL-6) and gamma interferon (IFN-v). This is followed by the late appear-
ance and long-term persistence of markers of T cell activation, such as soluble CD8 and
virus-specific antibody synthesis in the CSF that suggest a persistent immune activation
(78). Furthermore, two markers of intrathecal immune activation, neopterin and f3,-
microglobulin, reach high levels in the CSF of patients during the acute phase of HSE
and may persist for several years, suggesting long-lasting inflammatory activity (79).
Progressive cranial MRI abnormalities that still persisted at 6 months after onset of the
disease have been reported in some patients despite early acyclovir therapy (80).
Positron emission tomography (PET) scans performed in two patients with HSE con-
fined to one temporal lobe using a microglial and brain macrophage marker f{i.e.,
[""CI(R)-PK11195} revealed a persistent microglial activation more than 12 months after
a successful antiviral course (81). The persistent elevated binding of PK11195 spread
along the initially affected neuronal circuitry indicates a continuing neurodegenerative
process. Brain biopsy samples obtained from three children who recovered from acute
HSE and developed secondary focal epilepsy also showed a marked inflammatory
process characterized by abundant CD3* and CD8* T lymphocytes as well as activated
microglial cells and macrophages that persisted for several years after onset of the
disease (82). Histopathological analysis of the brains of patients who survived between
4 months and 17 years after acute encephalitis revealed neuronal loss and gliosis in
temporal, frontal, and insular regions, whereas a persistent inflammatory infiltrate was
also seen in the cerebrum and the brainstem and correlated with the distribution of
viral DNA detected by PCR on paraffin sections (83).

Some reports have also described children and adult patients who developed
transient or chronic lesions in the white matter after HSE, as evidenced by MRI scans
(84-86). Patients are asymptomatic or present with secondary neurological deteriora-
tions that are acute or chronic and associated or not with extrapyramidal movement
disorder. The mechanisms implicated in the delayed white matter involvement are not
yet clearly understood. Although viral DNA has been detected in the brain of some
patients and suggests a direct viral invasion, it has also been suggested that delayed
white matter lesions may be the result of a chronic inflammatory process (such as
edema or demyelination) complicating the first episode of HSE (87). An overlap
between demyelinating lesions and anti-NMDAR encephalitis has been described in a
cohort of patients (88). Indeed, patients with lesions in the white matter and atypical
symptoms may also have anti-NMDAR encephalitis. Furthermore, patients with anti-
NMDAR encephalitis may present either simultaneously or sequentially with demyeli-
nating disorders. Patients with demyelinating disorders generally require more aggres-
sive immunotherapies and are left with more severe neurological sequelae than those
with anti-NMDAR encephalitis.

Overall, the mechanisms involved in the long-term immune activation that was
reported in some patients who survived acute HSE should be investigated in more
detail. This may allow the identification of potential targets for novel immunomodu-
latory strategies with the aim to improve the treatment of this disease.

IMMUNE RESPONSE TO HERPES SIMPLEX VIRUS
Innate Immune Response

The innate immune system represents the first-line of host defense that restricts viral
spread and mediates the activation of the ensuing adaptive response. The innate
immune response is initiated by pathogen recognition receptors (PRRs), which detect
conserved pathogen-associated molecular patterns (PAMPs) (89-91). Type | interferons
(IFNs) are key players in the control of viral infection, and their expressions are induced
mainly through viral nucleic acids. The signaling pathways implicated in the sensing of
HSV are shown in Fig. 1. Toll-like receptors (TLRs) 2, 3, and 9 are involved in the
recognition of HSV (92-94). Host cell surface TLR2 senses viral glycoproteins present in
the envelope of HSV particles (95, 96). After entry into cells, endosomal TLR9 detects
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FIG 1 Signaling pathways involved in the recognition of HSV. Viral glycoproteins are sensed by TLR2 located at the
cell surface, whereas the abundant CpG motifs present in the viral dsDNA are recognized by endosomal TLR9. Both
TLR2 and TLR9 signal through the MyD88/TAK1 pathway to activate NF-«kB and AP-1. In the cytosol, viral dsDNA
also induces the synthesis of cGAMP by cGAS, which activates the STING/TRIF/TRAF3 signaling pathway. Interme-
diate dsRNA produced during viral replication is recognized by endosomal TLR3 or cytosolic RIG-l and Mda5 sensors
that signal, respectively, through TRIF/TRAF3 or IPS-1/TRAF3 pathways to activate IRF3 and IRF7. Activated NF-«B,
AP-1, or dimers of IRF3 and IRF7 induce the production of type | IFNs (IFN-a/B) and proinflammatory cytokines.
IFN-a/8 bind to the IFNAR receptor, and the signal is transduced to JAK-1 and TYK-2, which phosphorylate STAT1
and STAT2, respectively. The complex of phosphorylated STAT1 and STAT2 heterodimerizes with IRF9 and
translocates to the nucleus to induce the transcription of interferon-stimulated genes.

unmethylated CpG motifs contained in the genomic DNA of HSV (97-99). Viral dsDNA
is also sensed by cyclic GMP-AMP (cGAMP) synthase (cGAS) in the cytosol (100). Once
activated by dsDNA, cGAS catalyzes the synthesis of the cyclic dinucleotide cGAMP
from ATP and GTP. The second messenger cGAMP binds to and mediates the activation
of the adaptor protein stimulator of IFN genes (STING) (101, 102). Other cytosolic
dsDNA sensors, such as interferon-inducible protein 16 (IFI16), absent in melanoma 2
(AIM2), and RNA polymerase lll, have been suggested to contribute to the recognition
of HSV (103). During its replication, HSV produces intermediate viral dsRNAs (104) that
are sensed by endosomal TLR3 and cytosolic RNA helicases such as melanoma
differentiation-associated gene 5 (Mda5) and retinoic acid-inducible gene | (RIG-I)
(105-108). These PRRs signal through their respective adaptor proteins, namely, Toll-
interleukin-1 receptor domain-containing adaptor inducing IFN-B (TRIF for TLR3) and
IFN-B promoter stimulator 1 (IPS-1 for both Mda5 and RIG-I) (89). In addition to TLR3,
the adaptor protein TRIF also interacts with STING to trigger an innate immune
response to pathogens and thereby to allow a redundancy between these two signal-
ing pathways (109). After recognition of viral components by these PRRs, the associated
signaling pathways trigger the activation of the nuclear factor kappa light chain
enhancer of activated B cells (NF-«B), IFN regulatory factor (IRF) family members, and
activating protein 1 (AP-1). These transcription factors modulate the expression of
cytokines, chemokines, and type | IFNs (92-94), which consist of one IFN-B molecule
and 13 subtypes of IFN-« in humans (110). The initial type | IFNs produced bind to the
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IFN-a/3 receptor (IFNAR) and act through autocrine and paracrine manners to activate
components of the Janus kinase/signal transducer and activator of transcription (JAK/
STAT) signaling pathways (111) to induce the expression of IFN-stimulated genes
encoding antiviral effectors that restrict viral spread and create an antiviral state (112).

In humans, the route by which HSV reaches the CNS most likely includes the
olfactory nerve (113). The virus spreads from the olfactory mucosa through the cribri-
form plate of the ethmoid bone to the orbital side of the frontal lobe and the medial
side of the temporal lobe. The trigeminal nerve is another suggested portal of entry for
the virus to the brain, but its role remains unclear (114). The virus then infects and
replicates in both neurons and glial cells. The innate immune system is essential to
mount an initial and robust immune response to control the dissemination of the virus
in the brain. Both nonhematopoietic and hematopoietic resident cells of the CNS
participate in the innate immune response to HSV. For instance, TLR2 and TLR9 are
detected in microglia and astrocytes, whereas TLR3 is expressed by microglia, neurons,
astrocytes, and oligodendrocytes (115). The cGAS-STING signaling pathway is found in
microglia and astrocytes (116). In vitro studies have shown that cytosolic Mda5 and
RIG-1 sensors are present in microglia, neurons, and astrocytes (117, 118). In the CNS,
cGAS-STING and TLR3-TRIF are the main signaling pathways involved in the synthesis
of type | IFNs in response to HSV-1 infection. Indeed, microglia initiate the production
of type | IFNs through a cGAS-STING signaling pathway and orchestrate the innate
antiviral response (116). Type | IFNs secreted by microglia then act in a paracrine
manner to inhibit the replication of HSV-1 in highly permissive neurons. Furthermore,
microglia induce the production of type | IFNs through the TLR3-TRIF pathway in
astrocytes. The cross talk between microglia, neurons, and astrocytes through IFNAR
signaling is proposed to constitute an innate immune barrier against viral infection of
the CNS (119). It is also suggested that, during HSV-1 infection, activated TLR3 in
neurons recruits the metabolic kinase complex mTORC2 (mammalian target of rapa-
mycin complex 2), leading to the trafficking of TLR3 at the cell periphery. Peripheral
TLR3 then interacts with tumor necrosis factor (TNF) receptor-associated factor 3
(TRAF3) and mTORC1 to induce the synthesis of IFN-B (120).

Microglia represent 5% to 20% of all glial cells in the different regions of the brain.
Microglia exert a role of surveillance through their ramifications and maintain immune
homeostasis in the brain (121). In cases of injury or invasion of pathogens in the CNS,
microglia are the first line of defense and constitute the major phagocytic cells. Neurons
infected with HSV-1 release purinergic mediators such as ATP, which are strong
chemotactic signals for microglia (122, 123). The purinergic receptor P2Y12 at the
surface of microglia senses purine nucleotides and induces the recruitment of microglia
around infected neurons to contribute to viral clearance through its phagocytic activity
(124). In response to viral infection, there is an increase in the number of P2Y12
receptors expressed at the surface of microglial cells. Then, the activation of microglia
induces their proliferation and increases their phagocytic activity. In the temporal lobe
of patients with HSE, P2Y12-positive microglia are located in proximity of HSV-1-
positive cells, and it is estimated that one to three activated microglia are present
around each infected neuron (124).

The CNS constitutes an immune-privileged site protected by the BBB, which is
formed by microvascular endothelial cells sealed with tight junctions, pericytes, a
basement membrane shared by pericytes and endothelial cells, and astrocyte end-feet
(125). The BBB is involved in the control of the trafficking of leukocytes from the blood
to the brain. During HSE, the BBB is disrupted, leading to vascular brain edema and
hemorrhage. HSV-1 infection has been shown to induce structural and functional
changes to all constituents of the BBB (126). Activated microglia also express mediators
of inflammation such as chemokines (e.g., CCL2, CCL3, and CCL5), which induce a
marked mobilization of peripheral immune cells to affected regions of the brain (124).
Brain resident cells and infiltrating immune cells release cytokines (such as IL-1p, IL-6,
IL-8, IL-10, tumor necrosis factor-a [TNF-a], and IFN-v) that are implicated in the control
of viral spread in the CNS. Furthermore, microglia, macrophages, and neutrophils
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increase the respiratory burst of reactive oxygen species (ROS) and express inducible
nitric oxide synthase (iNOS), which leads to the production of nitric oxide (NO) (127).
The production of both ROS and NO contributes to the control of viral spread. However,
the inflammatory response that develops during HSE may become exaggerated and
further increase cerebral damage.

Adaptive Immune Response

Following the spread of HSV to the brain, effector CD4* T cells and especially CD8*
T cells infiltrate the CNS and, once activated, play a pivotal role in the control of the
infection (15, 16). The function of CD8* T cells involves the synthesis of cytokines and
chemokines and the rapid and robust production of IFN-y (127), a potent antiviral
mediator (128). For instance, IFN-y inhibits neuronal apoptosis by increasing the
expression of the proto-oncogene bcl-2 and thereby protects neurons from massive
destruction during HSE (129). CD8™" T cells also participate in the clearance of cells
infected with HSV-1 through recognition of virus-derived peptides displayed at the
surface of infected cells in the context of major histocompatibility complex class |
(MHC-1) by the T-cell receptor. Immunohistochemistry analysis of the hippocampus
from patients with HSE showed viral antigens in the nuclei and cytoplasm of astrocytes,
cortical neurons, and oligodendrocytes (130). Cytotoxic CD8" T cells are recruited to
the CNS and interact with HSV-1-infected cells. The cytoplasm and granzyme B granules
demonstrate polarization toward infected cells, suggesting their active killing. Analysis
of apoptotic pathways suggests that virus-infected cells die by caspase-mediated
apoptosis most likely induced by granzyme B released by cytotoxic T cells. Furthermore,
another mechanism of apoptosis could involve the binding of Fas ligand (FasL) ex-
pressed at the surface of CD8* cells to Fas (a member of the TNF-a receptor family) that
is present at the surface of virus-infected cells (131).

Following retrograde axonal transport from the primary site of infection, HSV-1 migrates
to the trigeminal ganglia, where it establishes lifelong latency. HSV-1 genomic sequences
are detected in trigeminal ganglia of 65% of immunocompetent individuals as well as in the
brain of 35% of them (132). Expanded virus-specific CD8* T cells infiltrate the trigeminal
ganglia and surround neurons infected with HSV-1 to prevent reactivation by maintaining
the virus in a latent state (133). CD8* T cells specific to HSV can persist in trigeminal ganglia
for life without being replenished by the circulating CD8* T cell pool. The rate of HSV
reactivation depends on the number of latently infected neurons and the number of CD8*
T cells that infiltrated the trigeminal ganglia (134).

GENETIC PREDISPOSITION TO DEVELOP HSE

Children with primary immunodeficiencies affecting the responses of B or T lym-
phocytes do not present an increased risk for developing HSE (135). In contrast,
deficiencies that affect the number or function of natural killer cells have been
suggested to predispose children to severe HSE (136). Several genetic etiologies related
to the intrinsic immunity to HSV-1 have also been reported to predispose children and
adult patients to develop HSE, suggesting a key role of the innate immune response to
limit viral spread in the CNS. An autosomal recessive deficiency in UNC93B, a protein
involved in the translocation of TLRs 3, 7, 8, and 9 from the endoplasmic reticulum to
the endosomes (137), has been reported in children with HSE (138). However, patients
with mutations in IL-1 receptor-associated kinase-4 (IRAK-4), which is implicated in the
signaling pathways of all TLRs except TLR3, were not more susceptible to viral infec-
tions, suggesting that sensing through TLRs 7, 8, and 9 may be redundant for protec-
tion against these infections (139). The implication of TLR3 in the susceptibility to HSE
was definitely highlighted by the identification of several autosomal dominant or
autosomal recessive mutations in the TLR3 gene in children (140-143) and adults (142,
144, 145). Several reports describing a series of deficiencies in the TLR3-dependent
signaling pathway further confirmed the importance of this axis in protective immunity
against HSE. For instance, mutations in the TLR3 adapter protein TRIF and in the
transcription factor IRF3 have been described in children and adults with HSE (144, 146,
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147). Furthermore, an autosomal dominant mutation in TRAF3, which is implicated in
the production of type | and lll IFNs downstream of several TLRs, RIG-l, and Mda5, was
detected in a child with HSE (148). Mutations in TANK-binding kinase 1 (TBK1), which
plays a role at the crossroads in the sensing of dsRNA and dsDNA, have also been
identified in children and adults with HSE (144, 149). It is estimated that 10% of children
with HSE have inborn errors in the TLR3 signaling pathway, and approximately 66% of
these patients develop relapses (142). Mutations in NF-kB essential modulator (NEMO),
STAT1, and tyrosine kinase 2 (TYK-2) affect the production of type | and Ill IFNs as well
as that of other cytokines. These mutations are thus associated with an increased host
susceptibility to a broad range of infections, including HSE (144, 150, 151).

All of these mutations result in altered expression of a functional protein (such as
premature termination or lack of cleavage) or a functional loss of the protein. This leads
to impaired synthesis of IFN-B and -\ in patients’ fibroblasts after infection with HSV-1
or stimulation with poly(I-C) (which mimics dsRNA), which can be rescued with exog-
enous IFN-a2b.

The clinical penetrance of deficiencies in the TLR3 signaling pathway is incomplete,
as relatives of HSE patients harboring the same mutation and infected with HSV-1 have
not developed the disease, suggesting that host (age, etc.)- and pathogen (viral load
and inoculum)-related factors may also be involved. Children with deficiencies in the
TLR3 signaling pathway suffering from HSE do not present an increased susceptibility
to other viral infections. This suggests that the IFN responses to other viral components
mediated by signaling pathways independent from TLR3 may confer protection against
infections caused by a broad range of viruses in these patients. Furthermore, these
children do not have an increased susceptibility to HSV-1 infections at peripheral sites.
This suggests that the function of TLR3 may be nonredundant for protection against a
primary infection with HSV-1 in the CNS, whereas it may be widely redundant as a host
defense mechanism outside the CNS (140, 141). It is proposed that the restriction of HSE
susceptibility to the CNS results from impaired production of type | IFNs dependent on
TLR3 by resident nonhematopoietic cells infected with HSV-1. Indeed, induced pluri-
potent stem cells (iPSCs) derived from patients deficient for TLR3 and UNC93B that
were differentiated into neurons and oligodendrocytes (but not astrocytes) were more
permissive to HSV-1 infection than those derived from control individuals (152). Viral
infection might be inhibited by pretreating these cells with exogenous IFN-« or IFN-B.
Thus, intrinsic immunity mediated by nonhematopoietic cells of the CNS may exert a
more important role in protection against primary infection with HSV-1 than the
immune response induced by hematopoietic cells.

Recently, two cases of HSE have been reported in adult patients harboring mutations in
mannan-binding lectin serine protease 2 (MASP-2), the central activator of the lectin
pathway of the complement system (153). The lectin pathway is involved in the recognition
of mannan and carbohydrate structures present on the surface of pathogens by PRRs such
as mannose-binding lectin, collectins, and ficolins (154). MASP-2 has the ability to form
complexes with these PRRs and initiates the cleavage of C4 and C2, which are involved in
opsonization, inflammation, and lysis of infected cells. The first identified mutation was
shown to reduce the secretion of the protein, whereas the second one resulted in an
abolished protein secretion associated with an inability to cleave MASP-2 precursor into its
active form, which led to decreased antiviral activity (153).

OCCURRENCE OF HSE AFTER IMMUNOMODULATORY THERAPY

An increased risk of viral encephalitis was reported after the administration of OKT-3
or alemtuzumab for T-cell depletion in allogeneic stem cell transplant recipients (155).
Viruses that were identified in the CSF included human herpesvirus 6 (28%), Epstein-
Barr virus (19%), HSV (13%), JC virus (9%), cytomegalovirus (6%), varicella-zoster virus
(6%), and adenovirus (3%). Two viruses or more were detected in the CSF of 16% of
these patients. A retrospective study of cancer patients with PCR-proven HSE as well as
several case reports has indicated that immunosuppressive treatments for metastatic
brain diseases by concomitant brain radiation and use of corticosteroids may increase
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the risk of developing HSE (17, 51, 156-163). The presentation of HSE may be atypical
in this population of immunosuppressed patients. An increased risk level may be
associated with each separate intervention, as patients receiving whole-brain radiation
therapy (164, 165) or high-dose dexamethasone (162) alone have been shown to
develop HSE. The administration of both dexamethasone and cyclophosphamide has
been used to induce viral reactivation in rabbits infected intranasally with HSV-1 (166).
However, it is difficult to attribute this effect to dexamethasone, as cyclophosphamide
was concomitantly administered. A study suggested that long-term treatment with
high doses of corticosteroids may reduce CD4* T cell counts and further increase the
risk of infections during radiation therapy (167).

Furthermore, the use of several immunomodulatory drugs for the treatment of immune
disorders has been reported to predispose patients to develop HSE, although the associ-
ated risk level is not defined. Azathioprine is indicated for the treatment of inflammatory
bowel diseases. It has been suggested that azathioprine and its metabolites induce apop-
tosis of T lymphocytes, which could predispose patients to viral infections and, in particular,
to HSE. A first patient treated with azathioprine and prednisolone for acute exacerbation of
ulcerative colitis developed severe HSE with brain herniation (168). A second patient who
received azathioprine for Crohn’s disease was diagnosed with HSE involving both temporal
lobes (169). Both patients were treated with acyclovir and recovered normal neurologic
functions. TNF-« inhibitors are indicated for the treatment of rheumatologic disorders,
inflammatory bowel diseases, and psoriasis.

The multifunctional cytokine TNF-« induces and regulates host innate and adaptive
immune responses. Mice deficient in TNF-a were more susceptible to HSE than
wild-type animals due to increased viral replication in the brain (170, 171). A series of
three patients treated with anti-TNF-a monoclonal antibodies were reported to de-
velop HSE (172). The first patient under infliximab treatment presented with focal
inflammatory changes in the right temporal lobe and edema. After acyclovir therapy,
the patient was left with mild neuropsychiatric alterations that disappeared after 1 year.
The other two patients received corticosteroids and adalimumab and presented with
edema and inflammation in the right temporal lobe and involvement in both temporal
lobes, respectively. Both patients were left with neuropsychiatric disabilities after
acyclovir therapy. Another patient who received adalimumab developed acyclovir-
resistant HSE although the patient was naive for this antiviral (47). Lesions were
localized in the right medial temporal lobe, right insular cortex, and subcortical white
matter and then progressed in both hemispheres. The patient was successfully treated
with a combination of acyclovir and foscarnet. A patient receiving etanercept (i.e., a
fusion protein made of the extracellular domain of human TNF receptor 2 and the Fc
end of human IgG,) developed HSE (173). MRI scans showed lesions in the right
fronto-temporoparietal region with the presence of edema. The patient was treated
with acyclovir combined with dexamethasone to decrease edema and inflammation.

Fingolimod is indicated for the treatment of multiple sclerosis. It is an antagonist of
sphingosine-1-phosphate receptor, which induces receptor internalization and makes T
and B cells unable to egress from lymph nodes, leading to reduced numbers of
peripheral lymphocytes. It has been suggested that fingolimod may compromise the
immune response against latent HSV in the CNS. During a phase 3 study, one patient
treated with fingolimod for relapsing-remitting multiple sclerosis was diagnosed with
HSE (174). Acyclovir was initiated 1 week after presentation, but the patient died 2
months later. Another patient had severe HSE while he was treated with fingolimod
(175). MRI scans demonstrated signs of nonhemorrhagic encephalitis of the archeocor-
tical areas of both hemispheres. The patient was treated with acyclovir but presented
with severe neurological sequelae at the 9-month follow-up.

HSE was also diagnosed in a patient treated with dimethyl fumarate for relapsing-
remitting multiple sclerosis and who presented with a marked and rapid decrease in
lymphocyte count (176). The clinical picture was similar to that observed in immunocom-
promised patients with a lower CSF pleocytosis, cortical lesions distributed bilaterally, and
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less extensive tissue necrosis. After acyclovir treatment, the improvement was considered
incomplete, with a mild short-term memory deficit and emotional disorder.

Natalizumab is used in the treatment of multiple sclerosis and Crohn’s disease. It is
a monoclonal antibody targeting a-4 integrin, a cell adhesion molecule which interferes
with the migration of peripheral cells to the CNS, resulting in a decreased CD4+/CD8™"
T cell ratio in the CSF compared to that in the blood, similar to what has been reported
in HIV-infected individuals (177). This leads to impaired immune surveillance in the CNS.
A case series of 20 patients treated with natalizumab for multiple sclerosis and who
developed laboratory-confirmed herpesvirus infections, with half of the cases present-
ing HSE, has been reported (178). Among the 10 HSE cases, 5 were caused by HSV-1,
two unusual cases were due to HSV-2, and the last three cases remained nontyped.
Furthermore, it has been reported that natalizumab therapy in a patient with multiple
sclerosis induced HSE with lesions in both temporal lobes (179). The patient was treated
with acyclovir but was left with persistent and severe memory defects, anosognosia,
and mild aphasia. Another case presented with atypical lesions restricted to the parietal
lobe, which are characteristic in immunocompromised patients (180). The patient was
successfully treated with acyclovir and steroid (initiated 1 day later). The last patient
under natalizumab treatment had more conventional HSE, with lesions in the right
medial temporal lobe and insular cortex extending to the lentiform nucleus, and
responded well to acyclovir therapy (181).

Atypical clinical and radiological features that may occur in these immunosup-
pressed patients could eventually lead to misdiagnosis or a delay in diagnosis, with a
negative impact on the prognosis of HSE, since acyclovir therapy should be initiated
early.

Most of the immunomodulatory drugs reported to increase the risk of patients to
develop HSE act through a reduction in the number of lymphocytes that are crucial for
the maintenance of HSV in a latent state. HSE generally occurs after long-term treat-
ment of patients with these immunomodulatory agents, and in most cases, more than
one drug or whole-brain radiation was used concomitantly, which may further enhance
the risk to induce viral reactivation.

IMMUNOMODULATORY STRATEGIES

The immune response that is induced in the brain during HSE should limit viral
replication early after infection and should be controlled thereafter to prevent the
development of an exaggerated inflammatory response that may be detrimental for a
sensitive organ such as the brain. The host immune response that develops during HSE
is thus considered a “double-edged sword” and must be finely balanced. Immuno-
modulatory drugs should be administered at a critical time during HSE to reduce the
late-onset excessive inflammation of the CNS and thereby limit the risk of developing
neurological sequelae. Such immunomodulatory strategies should be combined with
antiviral therapy to reduce both viral replication and the inflammatory response.

Clinical and Animal Studies with Corticosteroids

Glucocorticoids are broad-spectrum anti-inflammatory agents which act via
genomic and nongenomic mechanisms (182). The genomic mechanism of action of
glucocorticoids involves the interaction of the glucocorticoid receptor with transcrip-
tion factors such as AP-1 and NF-«B, which leads to the repression of proinflammatory
genes. In a nongenomic mechanism, glucocorticoids can modulate signal transduction
pathways through interaction of the glucocorticoid receptor with several kinases, such
as phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), and AKT.
Conversely, glucocorticoids can also exert proinflammatory effects in response to injury
or pathogen invasion. Rats depleted in circulating glucocorticoids by adrenalectomy,
hypophysectomy, or pharmacological blocking of its receptor were inoculated in the
cerebral ventricle with HSV-1 1 day later (183). The brains of rats depleted in circulating
glucocorticoids exhibited similar viral titers and decreased synthesis of IL-18 and
prostaglandin E, in comparison to control animals. Of note, prostaglandin E, is impli-
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cated in the downregulation of microglial activation and cytokine production (184).
Interestingly, this was associated with less fever, motor activity, and aggressive behav-
ior, suggesting a role of the host response in behavioral deterioration during HSE.

Although we do not advocate the use of corticosteroids in the absence of a full
course of acyclovir therapy, we reviewed case reports and series that describe the use
of corticosteroids alone to decrease cerebral edema, intracranial pressure, and brain
shift in children (185) and adults (186-188) suffering from HSE. These reports were
published before the availability of acyclovir and demonstrated that corticosteroids
may improve the prognosis of this disease in some cases (Table 1). A retrospective
analysis of patients with HSE together with a review of published cases also indicated
that treatment with adenocorticotropic hormones or corticosteroids improves the
outcome in some patients (189). Thereafter, several case reports and series described
the outcome of patients with HSE treated with acyclovir and adjunctive corticosteroid
therapy. A 4-year-old boy who developed atypical acute encephalopathy with bilateral
striatal necrosis was successfully treated with prednisolone, followed 5 days later with
acyclovir (190). A 16-month-old girl with clinical and radiologic deterioration of HSE was
treated with acyclovir and high-dose methylprednisolone and exhibited a favorable
outcome (197). A pregnant woman with deteriorating HSE despite acyclovir therapy
was successfully treated with adjunctive dexamethasone (192). In a first case series of
five patients with HSE, three were successfully treated with acyclovir combined with
pulse steroid therapy started 5days after onset of the disease whereas two other
patients who received pulse steroid therapy after 3 weeks did not improve and died
from infection (193). In another case series of six children suffering from HSE, three
patients who received adjunctive steroid therapy had improved cognition, motor
function, and control of seizures compared to the three other children who were
treated with acyclovir alone, but the radiologic abnormalities were similar in both
groups (194). A nonrandomized retrospective study evaluated the efficacy of steroids
on the outcome of HSE in 45 adult patients (195). This is the largest study showing that
administration of adjunctive dexamethasone or prednisolone (22 patients) results in a
better neurological outcome than treatment with acyclovir alone (23 patients) whereas
older age and a low GCS at admission resulted in a worse prognosis of the disease.
Further analysis showed that the better outcome of these patients may be due to a
lower production of proinflammatory cytokines such as IL-6 (196).

Different animal models that mimic the pathogenesis of HSE in humans have been
established (197). After infection, the virus invades the CNS, and its replication is
associated with an important inflammatory response. These animal models are thus
convenient to study the efficacy of corticosteroids or other immunomodulatory drugs
to ameliorate the outcome of HSE, as reported in Table 2. The first study evaluated the
effect of subcutaneous injections of methylprednisolone started 1 day prior to inocu-
lation of HSV-1 on the scarified cornea of rabbits and continued until their sacrifice
(198). Treatment with steroids did not markedly affect viral replication. Previous studies
from our laboratory showed that the delayed administration of glucocorticoids initiated
at the onset of symptoms (i.e., on day 3 postinfection) in mice infected intranasally with
HSV-1 decreased the viral burden and cytokine production in the brain and was
associated with an increased survival rate (199). In contrast, early glucocorticoid treat-
ment started the day of infection (day 0) increased the mortality rate. It is generally
accepted that treatment with steroids should be initiated as early as possible in CNS
infections such as bacterial meningitis. In contrast, our study demonstrated that
administration of immunomodulatory agents should be delayed after the onset of
symptoms to ameliorate the outcome of HSE.

The effects of combinations of acyclovir and corticosteroids were also evaluated
during experimental HSE. Intraperitoneal administration of dexamethasone alone or
combined with acyclovir in rats infected with HSV-1 in the cervical vagus nerve resulted
in reduced staining of viral antigens in the brain by immunohistochemistry on day 3
postinfection (200). Combinations of acyclovir and cortisone administered intraperito-
neally to mice 1 day after intranasal infection with HSV-1 for 14 days decreased the viral
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TABLE 2 Animal studies evaluating the effects of corticosteroids or experimental immunomodulatory agents alone or in combination
with acyclovir for HSE®

Reference  Animal model Single or combined therapy and dose(s) Outcome
198 Rabbits inoculated on scarified cornea  Methylprednisolone at 10 mg/kg s.c. 1X daily one  Slightly delayed brain viral clearance in treated rabbits vs
with HSV-1 day before infection and until sacrifice untreated rabbits
199 BALB/c mice infected i.n. with HSV-1 Corticosterone at 0.2 mg/ml ad libitum from day 0 Increased mortality rate in treated mice vs untreated mice
to 14 p.i.
Corticosterone at 0.2 mg/ml ad libitum from day 3  Decreased mortality rate in treated mice vs untreated mice
to 17 p.i.
DEX at 10 mg/kg i.p. 1X daily from day 3 to 17 Decreased mortality rate, viral replication, and cytokine
p.i. synthesis in treated mice vs untreated mice
200 Rats inoculated in cervical vagus ACV at 30 mg/kg i.p. 2X daily from day 0 to 3 Reduced viral antigen staining in rats treated with ACV
nerve with HSV-1 p.i; DEX at 5 mg/kg i.p. 2X daily from day 0 to alone or combined with DEX vs untreated rats
3 p.i.
201 SJL mice infected i.n. with HSV-1 Cortisone at 40 mg/kg i.p. 1X daily from day 1 to  Decrease in brain viral load and iNOS mRNAs in mice
15 p.i; ACV at 50 ug/g i.p. 1X daily from day 1 treated with ACV alone or combined with cortisone vs
to 15 p.i. untreated mice
202 SJL mice infected i.n. with HSV-1 ACV at 25 mg/kg i.p. 2X daily on day 0 for 14 Decrease in brain viral load in mice treated with ACV alone
days alone or with methylprednisolone at 20 or combined with methylprednisolone vs untreated
mg/kg i.p. 2x daily for 7 days mice; reduction of long-term brain MRI abnormalities in
ACV- and methylprednisolone-treated group
203 BALB/c mice infected i.n. with HSV-1 Agonist of TLR3, poly(l-C), at 50 wg/mouse i.p. 1X  Increased survival rate in poly(l-C) group vs untreated
one day before infection group; increased early expression of several immune
genes and reduced brain viral load in poly(l:C) group vs
untreated group
Agonist of TLR9, ODN, at 50 ug/mouse i.n. 1X Increased survival rate in ODN-treated group vs untreated
one day before infection group
120 BALB/c mice infected i.c. with HSV-1 Agonistic antibody to TLR3 at 20 ug/mouse i.c. Increased survival rate, decreased brain viral titers, and
1X the day of infection increased CCL5 and IFN-B mRNAs in treated mice vs
untreated mice
204 BALB/c mice infected i.c. with HSV-1 Corilagin at 0.4 mg/mouse intragastrically 1X at 1 In infected mice, corilagin suppresses mRNAs of TLR2 and
hpi its downstream mediators and reduces the synthesis of
TNF-a and IL-6 vs untreated mice
205 BALB/c mice infected i.c. with HSV-1 Corilagin at 40 mg/kg intragastrically 1X at 1 hpi  In infected mice, corilagin suppresses mRNAs of TLR3 and
its downstream mediators and reduces the synthesis of
TNF-q, IL-6, and IFN-B vs untreated mice
206 BALB/c mice infected i.n. with HSV-1 Agonist of TLR9, ODN 2395, at 50 pg/mouse i.n. Reduced mortality rate, viral load, and production of IL-6,
1X one day before infection CCL2, and CCL5 in brains of mice treated with ODN
2395 vs those of untreated mice
Antagonist of TLR9, ODN 2088, at 50 wg/mouse Reduced mortality rate and production of cytokines in
i.n. 1X on day 3 p.i. mice treated with ODN 2088 vs untreated mice
207 C57BL/6J mice inoculated on scarified ~ STING agonist, DMXAA, at 25 mg/kg i.p. 1X one Increased survival rate and reduced brain viral burden and
cornea with HSV-1 day before infection and on days 1, 3, and 5 neurological symptoms in DMXAA-treated group vs
p.i. untreated group
210 BALB/c mice infected i.n. with HSV-1 VACV at 1 mg/ml in drinking water ad libitum Increased survival rate in groups treated with VACV
from day 3 to 21 p.i. alone or with artesunate combined with artesunate or rapamycin vs group
at 30 mg/kg i.p. 1X daily from day 4 to 13 p.i. treated with VACV alone; brain viral titers were similar
or with the mTOR inhibitor rapamycin at 20 between treated groups; reduced production of
mg/kg i.p. 1X daily from day 4 to 13 p.i. cytokines/chemokines in group treated with VACV and
artesunate vs group treated with antiviral alone;
increased production of IL-18, IL-6, and IFN-vy at peak of
infection in group treated with VACV and rapamycin vs
group treated with VACV alone
212 BALB/c mice infected i.n. with HSV-1 Anti-TNF-« inhibitor, etanercept, at 400 ug/mouse  Increased survival rate in group treated with etanercept
i.p. 1X on day 3 p.i; VACV at 1 mg/ml of and VACV vs group treated with antiviral therapy alone;
drinking water ad libitum from day 3 to 21 p.i. no difference in brain viral titers between mice treated
with VACV alone and those treated with VACV
combined with etanercept
213 BALB/c mice infected i.n. with HSV-1 Antioxidant inducer, sulforaphane, at 50 mg/kg No difference in brain viral titers between mice treated
i.p. 1X daily from day 3 to 6 p.i. with sulforaphane and untreated animals; reduced
microglial activation, infiltration of macrophages and
neutrophils in the brain, and ROS production in treated
group vs untreated group
201 SJL mice infected i.n. with HSV-1 iNOS inhibitor, N-nitro-L-arginine, at 100 mg/kg Reduced brain viral load and expression of iNOS mRNAs in
i.p. 1X daily from day 1 to 15 p.i; ACV at 50 mice treated with N-nitro-L-arginine and ACV vs
ng/g ip. 1X daily from day 1 to 15 p.i. untreated mice
217 BALB/c mice infected i.c. with HSV-1 MMP-9 siRNA at 5 png/mouse i.c. 1X on day 1 p.i; Reduced clinical signs and mortality in mice treated with
ACV at 100 mg/kg i.p. 2X daily from day 1 to 8 siRNA and ACV vs antiviral alone; no difference between
p.i. HSV-1 gD gene expression in siRNA-treated mice vs
untreated; decreased Evans blue uptake, brain water
content, and perivascular aquaporin 4 level in siRNA-
treated mice vs untreated; decreased TNF-a and IL-6 in
siRNA group vs untreated mice
218 BALB/c mice infected i.c. with HSV-1 Inhibitor of angiotensin-converting enzyme, Reduced HSV-1-induced ROS release and brain water
captopril, at 50 mg/kg 1X on day 1 p.i. content in treated group vs untreated group; increased
neurological function in treated mice vs untreated mice
219 BALB/c mice infected i.n. with HSV-1 IVIG at 40 to 50 mg/ml in 500 ul i.p. 1X one day Increased survival rate in IVIG group vs untreated group;

before or after infection

no difference in brain viral titers, although IVIG blocked
the production of neutralizing antibody
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TABLE 2 (Continued)

Reference  Animal model Single or combined therapy and dose(s) Outcome
220 12956 mice infected with HSV-1 after  IVIG at 3.75 mg/mouse i.v. 1X on day 1 p.i. Increased survival rate in IVIG group vs untreated group;
corneal scarification minor role of neutralizing antibodies; reduced

infiltration of inflammatory and anti-inflammatory
monocytes in the brain; increased IL-10 synthesis by
CD4+ T cells in the brain

221 C57BL/6J mice infected with HSV-1 IVIG at 25 mg/mouse i.p. 1X daily from day 4 to Increased survival rates in mice treated with ACV alone or
after corneal scarification 11 p.i; ACV at 50 mg/kg i.p. 1X daily from day in combination with IVIG vs untreated mice;
4 to 11 p.i. antagonistic effect of IVIG and ACV in learning and
memory tests
230 Swiss Webster mice infected i.n. with Recombinant human IFN-« at 100,000 IU i.p. 2X Increased survival rate in mice treated with ACV and
HSV-1 daily from day 1 to 6 p.i; ACV at 7.5 mg/kg i.p. recombinant human IFN-a vs those treated with ACV
1X daily from day 1 to 6 p.i. alone

bACV, acyclovir; DEX, dexamethasone; DMXAA, 5,6-dimethylxanthenone-4-acetic acid; gD, glycoprotein D; HSV-1, herpes simplex virus 1; i.c,, intracerebral; i.n.,
intranasal; iNOS, inducible nitric oxide synthase; i.p., intraperitoneal; IVIG, intravenous immunoglobulins; MMP-9, matrix metalloproteinase 9; MRI, magnetic resonance
imaging; mTOR, mammalian target of rapamycin; ODN, oligodeoxynucleotide; p.i., postinfection; poly(l-C), poly(l):poly(C); ROS, reactive oxygen species; s.c.,
subcutaneous; siRNA, silencing RNA; STING, stimulator of interferon genes; TLR, Toll-like receptor; VACV, valacyclovir; hpi, hours postinfection; X, times.

load and the expression of iNOS transcripts in the brain (201). In both of these studies,
the brain viral loads were not significantly different between the groups treated with
acyclovir alone or acyclovir combined with corticosteroids, indicating that the immu-
nomodulatory drug does not increase viral replication or inhibit the effect of the
antiviral. More interestingly, the severity of long-term MRI abnormalities was signifi-
cantly reduced in the brains of mice that received a combination of acyclovir and
methylprednisolone compared with those receiving antiviral therapy alone (202).
However, clinical trials evaluating the benefit of adjunctive corticosteroids are still
needed before this approach can be translated into clinical practices. A multinational,
randomized, controlled trial (DexEnceph; ClinicalTrials.gov identifier NCT03084783)
evaluating the benefit of administering intravenous dexamethasone (10 mg every 6 h
for 4 days) and a standard full course of intravenous acyclovir (10 mg/kg three times
daily for at least 14 days) compared to that of standard antiviral therapy alone to adult
patients suffering from HSE is ongoing. The administration of dexamethasone should
be initiated within 24 h postrandomization. The primary outcome will be a verbal
memory score assessed using the Wechsler Memory Scale (WMS-IV) Auditory Memory
Index at 6 months after randomization. However, results are not expected until 2021.

Other Experimental Inmunomodulatory Strategies

The efficacy of a series of experimental immunomodulatory strategies to ameliorate
the prognosis of HSE has been evaluated in animal models, as described in Table 2. The
administration of agonists or antagonists of TLRs before or after infection may modu-
late the immune response and result in a better HSE outcome. For instance, adminis-
tration of poly(l-C) to stimulate the TLR3 signaling pathway before intranasal challenge
of mice with HSV-1 decreased the brain viral load and increased the survival rate (203).
An agonistic antibody to TLR3 administered intracerebrally together with HSV-1 also
increased the survival rate of mice by decreasing brain viral titers and increasing the
expression of CCL5 and IFN-B mRNAs on day 3 postinfection (120). The immunomodu-
latory drug corilagin administered by the gastric route to mice infected with HSV-1
prevents brain histopathological changes induced by the virus. The mechanisms may
involve a reduction in the expression of TLR2, TLR3, and other protein mediators
involved in the associated signaling pathways, resulting in decreased synthesis of IL-6,
TNF-e, and IFN-B and thereby less inflammation in the CNS (204, 205). The adminis-
tration of agonists of TLR9 (oligodeoxynucleotides [ODNs] that contain unmethylated
CpG motifs) before intranasal challenge of mice with HSV-1 increased the survival rate
(203) by reducing the viral load and cytokine levels in the brain (206). More interest-
ingly, the administration of an antagonist of TLR9 at the onset of symptoms (i.e., on day
3 postinfection) increased the mouse survival rate likely by reducing the inflammatory
response in the brain (206). The majority of cytoplasmic sensing pathways signal
through STING to induce the synthesis of IFN-B. Pretreatment of mice with a murine
STING agonist, 5,6-dimethylxanthenone-4-acetic acid (DMXAA), before corneal chal-

April 2020 Volume 33 Issue 2 e00105-19 cmrasm.org 18


https://cmr.asm.org

Immunomodulators and HSV Encephalitis

lenge with HSV-1 resulted in a decreased brain viral burden, delayed and reduced
neurological symptoms, and improved mouse survival (207).

Apart from compounds acting on pathways involved in the recognition of HSV, other
immunomodulatory strategies aimed at reducing the inflammatory response during HSE
were also evaluated in animal models. Artesunate and the mTOR inhibitor rapamycin are
immunomodulatory drugs occasionally used for the treatment of infections caused by
multidrug-resistant herpesviruses (cytomegalovirus and HSV) in immunocompromised pa-
tients (208, 209). Our group evaluated the efficacy of combining valacyclovir with artesu-
nate and rapamycin to improve the outcome of HSE in mice (210). Valacyclovir treatment
was started on day 3 postinfection for 21 days, whereas the administration of artesunate or
rapamycin was initiated 1 day later for 9 days. Drug combinations did not affect the viral
load compared to antiviral therapy alone. On the other hand, the synthesis of several
cytokines/chemokines was decreased with artesunate, whereas the levels of inflammatory
cytokines and IFN-y were increased with rapamycin at the peak of infection.

In the CNS, resident microglial cells are progressively activated following an injury or
an invasion of pathogens, leading to the synthesis of TNF-« (211). This cytokine then
acts in autocrine and paracrine manners to regulate the innate and adaptive immune
responses in the brain parenchyma. During the acute phase of HSE, the level of TNF-«
increased and remained sustained thereafter (78, 196) and may cause brain injury. Our
group showed that treatment of mice with a combination of valacyclovir and etaner-
cept (an anti-TNF-a antibody) started at the onset of symptoms (i.e., on day 3 postin-
fection) significantly increased the survival rate compared to that of the antiviral drug
alone without decreasing the brain viral titers (212).

Resident microglia and infiltrating macrophages and neutrophils are involved in the
control of viral spread through a rapid and robust production of ROS (127). However,
ROS production is also associated with oxidative tissue damage. Systemic administra-
tion of sulforaphane, a potent inducer of cellular antioxidants, between day 3 and 6
postinfection has been shown to reduce the recruitment of macrophages and neutro-
phils to the CNS, microglial activation, and ROS production during experimental HSE,
but the brain viral load remained unchanged (213). Thus, antioxidant stimulation is a
potential strategy for modulating brain inflammation and neurotoxicity. The expression
of iINOS, which is involved in the production of NO, is upregulated during HSE in mice
(214). However, excessive production of NO mediates neuronal cell death (215). The
effect of a selective iNOS inhibitor, N-nitro-L-arginine, has been evaluated during
experimental HSE (201). N-Nitro-L-arginine alone or combined with acyclovir was
administered intraperitoneally 1 day after intranasal challenge with HSV-1 for 14 days.
Combination therapies were shown to reduce the viral burden as well as the expression
of iNOS transcripts in the brain.

The level of matrix metalloproteinase-9 (MMP-9) has been shown to increase during
HSE and to induce degradation of collagen type IV, the principal constituent of the
neurovascular matrix. This may lead to cerebrovascular complications, such as cerebral
edema, elevated intracranial pressure, and hemorrhage (216). Local injection of MMP-9
silencing RNA (siRNA) into mice after intracerebral injection of HSV-1 has been shown
to reduce brain edema and proinflammatory cytokine synthesis (IL-6 and TNF-a) but
not the expression of HSV-1 glycoprotein D gene in the brain (217). When combined
with acyclovir, MMP-9 siRNA improved neurological symptoms and survival rates
compared to the antiviral alone. Angiotensin-converting enzyme inhibitors such as
captopril have been shown to inhibit the activity of MMP-9. Administration of captopril
to mice infected intracerebrally with HSV-1 showed that the drug reduced the expres-
sion of MMP-9 by reducing ROS production through NADPH oxidase (218). This
intervention reduces cerebral edema and improves neurological symptoms after HSE.

Pooled human immunoglobulins for intravenous administration (IVIG) contain a
broad repertoire of neutralizing antibodies developed against a series of infectious
agents. However, single intraperitoneal injection of IVIG 24 h before or after intranasal
challenge with HSV-1 increased mouse survival by a mechanism independent of direct
viral neutralization (219). When administered intravenously 24 h postinfection, IVIG
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protected susceptible mice from fatal HSE by reducing brain inflammation (220).
Indeed, IVIG increase the infiltration of CD4* IL-10-producing T lymphocytes in the
brain and reduce the recruitment of inflammatory and anti-inflammatory monocytes.
Furthermore, IVIG also induce the expansion of regulatory T cells in peripheral lym-
phoid organs. However, when combined with acyclovir, IVIG antagonized the beneficial
effect of the antiviral on the behavioral deficits induced by HSV (221).

Overall, these data show that several pathways involved in the immune response to
HSV may be potential targets for the development of immune-based therapy that could
eventually be combined with antiviral agents to ameliorate the prognosis of patients
suffering from HSE. However, the kinetics of reliable biomarkers of inflammation should
be determined in the blood or CSF to define an appropriate time window for admin-
istration of immunomodulatory therapy.

BIOMARKERS OF INFLAMMATION IN THE CSF OR SERUM

Attempts have been made to identify soluble biomarker signatures in the CSF or
serum that could be used as reliable surrogate markers reflecting the inflammatory
response in the brain of patients with HSE. Kothur et al. reviewed a series of published
studies that evaluated cytokines and chemokines as biomarkers of the inflammatory
response in patients with HSE (222) and suggested that the levels of IFN-vy, TNF-¢, IL-6,
IL-2 receptor, and CCL2 are the most affected during the disease. Their levels increased
in the CSF during the acute phase of HSE and were sustained thereafter, suggesting a
persistent immune activation in the CNS (78, 196, 223). The cytokines IL-Ta and IL-183
bind the IL-1 receptor (IL-1R), and this interaction can be blocked by the IL-1R
antagonist (IL-1RA) and IL-10. In patients with HSE, the IL-13/IL-1RA ratio in the CSF is
increased in cases with a poor prognosis of the disease (224). An IL-1B/IL-1RA ratio
greater than 0.55 had high specificity (100%) and sensitivity (83%) for a poor outcome.
Furthermore, an elevated level of IL-10 in serum is associated with a high GCS score.

Neopterin and B,-microglobulin are used as markers of intrathecal immune activa-
tion in infectious and noninfectious inflammatory disorders of the CNS. Monocytes and
macrophages produce neopterin, an intermediate in the metabolism of pterin, in
response to IFN-vy, whereas B,-microglobulin is the small component of class | MHC.
The levels of both neopterin and B,-microglobulin markedly increased in the CSF of
patients with HSE and persisted for a long period of time (>13 years) (79). Another
study reported that the levels of IL-6 and neopterin in the CSF but not in serum
correlated with the clinical course of HSE in patients (225).

Markers of neuronal and glial cell lysis were also evaluated in the CSF of patients
with HSE (226). Neuron-specific enolase is a soluble glycolytic enzyme of neurons that
is reported to be a CSF marker of neuronal damage in cases of stroke and encephalitis.
The neurofilament constitutes one of the principal structural components of axons, and
its level in the CSF has been shown to increase in neurodegenerative diseases such as
Alzheimer’s disease and amyotrophic lateral sclerosis. The glial fibrillary acidic protein
is a main structural constituent of astrocytes and is a reliable astroglial marker in
patients with CNS injuries. The S-100B protein is an acidic calcium-binding protein
present in the cytoplasm of astrocytes, and its level increases in the CSF after structural
damage of the CNS during stroke and encephalitis. Furthermore, a small proportion of
S-100B leaks into the circulation. The neuron-specific enolase, glial fibrillary acidic
protein, and S-100B protein increase to very high levels in the CSF during the acute
phase of HSE, whereas the level of neurofilament increases later and persists in the CSF
for 3 to 10 months (226). Furthermore, the serum levels of S-100B protein is markedly
increased in the acute stage of the disease in patients with HSE in comparison to
control individuals (227).

Finally, soluble Fas is a marker of the Fas/FasL system that regulates apoptosis
through alternative splicing of full-length Fas mRNA. Higher levels of soluble Fas have
been reported in the CSF of patients with various neurological diseases. Patients with
HSE presenting with severe neurological deficits have been reported to exhibit a higher
level of soluble Fas than those with moderate and mild neurological disabilities (131).
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FIG 2 Hypothetical management of patients suffering from HSE with acyclovir and adjunctive cortico-
steroid therapy. At admission, a clinical evaluation of the patients should be performed together with
laboratory testing of the cerebrospinal fluid (CSF), magnetic resonance imaging (MRI), and electroen-
cephalography (EEG). The level of production of a reliable biomarker of inflammation in the CSF or serum
should be determined. Empirical intravenous acyclovir should be initiated pending results of CSF and MRI
testing and continued for 14 to 21 days if the PCR is positive. Adjunctive corticosteroid therapy should be
started later, during the rise of the inflammatory response, and should be limited in time to prevent undesired
effects. This combined therapy should reduce both the viral load (dotted blue line) and the excessive
inflammatory response (dotted red line) and result in less damage to the brain.

Overall, published data are quite heterogeneous with respect to the timing of
sample collection and patient characteristics, and a prognostic use of these biomarkers
could not be formally established. Therefore, the identification of reliable biomarkers of
HSE is still required.

CONSIDERATIONS FOR THE USE OF IMMUNOMODULATORY DRUGS
Management of Patients with Adjunctive Corticosteroids

Figure 2 shows the hypothetical management of patients suffering from HSE by the
administration of acyclovir and adjunctive corticosteroid therapy. Intravenous acyclovir
(10 mg/kg every 8 h) should be initiated empirically as early as possible pending the
results of CSF and MRI testing and continued for 14 days (in immunocompetent
individuals) or 21 days (in children aged 3 months to 12 years) if PCR in the CSF is
positive for HSV. Adjunctive corticosteroid therapy (e.g., dexamethasone 10 mg i.v.
every 6h for 4days) should be started later, during the rise of the inflammatory
response, as evidenced by the measurement of a surrogate biomarker(s) in the CSF or
serum. The administration of corticosteroids should be limited in time to prevent the
occurrence of undesired effects. In this way, treatment with corticosteroids should
prevent the development of an exaggerated inflammatory response during HSE that
could be harmful for the host while maintaining a beneficial immune response that
limits viral dissemination in the brain.

Management of Children with Inborn Errors in Innate Immunity

The management of children with inborn errors in innate immunity presenting with
clinically suspected or proven HSE requires that antiviral therapy be initiated as soon as
possible (41). Because of their immature immune system, the age of children with
inherited deficiencies at primary infection with HSV-1 may be a risk factor for devel-
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oping HSE (228). Therefore, the status of children who belong to at-risk families should
be identified by prenatal or neonatal genetic testing. These children should benefit
from an appropriate follow-up until adolescence or until HSV-1 seroconversion occurs.
Furthermore, children with inherited deficiencies in the TLR3 signaling pathway who
have a first episode of HSE should be carefully followed, because the risk of relapses is
higher in these patients (142). The administration of antiviral prophylaxis may be
envisaged in some cases. In this population, the administration of adjunctive immu-
nomodulatory therapy should enhance the innate immune response rather than re-
ducing an excessive inflammatory response. For instance, children with a genetic defect
affecting the production of IFN-«a or the response to IFN-a who present with a first
episode or a recurrence of HSE would benefit from a combination of acyclovir and
recombinant IFN-a2b (229). As an example, the administration of a combination of
acyclovir and IFN-a to mice on day 1 or 2 after intranasal challenge with HSV-1 resulted
in a 30% increase in survival rate compared to that of treatment with acyclovir alone
(Table 2) (230).

CONCLUDING REMARKS

In spite of a full course of acyclovir therapy, the mortality of patients suffering from
HSE is still 20%, with 70% of surviving individuals left with moderate or severe
neurological dysfunctions. The diagnosis of HSE has been markedly improved by PCR
testing in the CSF and magnetic resonance imaging. However, a reduction in delay
between the time of admission and the initiation of acyclovir treatment is the only
intervention that has been demonstrated to improve the prognosis of this disease.
Since acyclovir became available, there has been no further development toward a
more effective treatment of HSE. It is well recognized that the cerebral damage that
occurs during HSE is caused by both the viral replication and the excessive inflamma-
tory response. However, the use of corticosteroids in the management of HSE is
currently recommended only in cases of cerebral edema, elevated intracranial pressure,
and brain shift and depends on the physician. Animal studies, case reports, and small
case series suggest a benefit for adjunctive corticosteroids in the treatment of HSE, but
clinical trial validation is still lacking to translate this approach to patients. To be safe
and effective, immunomodulatory drugs should be administered within an optimal
time window, which requires the identification of reliable biomarkers of inflammation
in the CSF or serum. Thus, a short course of adjunctive immunomodulatory drugs
should dampen the inflammatory response and might reduce the neurological se-
quelae, persistent immune activation, and autoimmune encephalitis that could develop
after HSE.
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