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Abstract: Epstein-Barr virus (EBV), a causative agent for several types of lymphomas and mucosal cancers, is a human lymphotropic
herpesvirus with the capacity to establish lifelong latent infection. More than 90% of the human population worldwide is infected. The
primary infection is usually asymptomatic in childhood, whereas infectious mononucleosis (IM) is common when the infection occurs
in adolescence. Primary EBV infection, with or without IM, or reactivation of latent infection in immunocompromised individuals
have been associated with a wide range of neurologic conditions, such as encephalitis, meningitis, acute disseminated encephalomye-
litis, and cerebellitis. EBV is also involved in malignant lymphomas in the brain. An increasing number of reports on EBV-related
disorders of the central nervous system (CNS) including the convincing association with multiple sclerosis (MS) have put in focus
EBV-related conditions beyond its established link to malignancies. In this review, we present the clinical manifestations of EBV-
related CNS-disorders, put them in the context of known EBV biology and focus on available treatment options and future therapeutic
approaches.
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Introduction

Epstein-Barr virus (EBV), discovered in 1964 by Epstein et al, in cultured lymphoid cells from Burkitt’s lymphoma, is
a member of the 1 subfamily of human herpes viruses.'> This subfamily is characterized by its tropism for lymphoid
cells and the capacity to induce cell proliferation in vivo, resulting in transient or chronic lymphoproliferative disorders.
EBYV infects only humans in nature, but close viral relatives are found in Old World Higher Primates. Antibodies to EBV
have been detected in several primate species, but it is considered that this is due to the presence of cross-reacting
antibodies against their own species-specific variant of EBV.?

EBYV is one of the most common, widespread human viruses, infecting over 90% of the adult population. Primary
infection acquired in childhood is usually asymptomatic, whereas infectious mononucleosis (IM) is common when the
infection is delayed until adolescence or young adulthood.* After acute infection with or without IM, latent EBV
infection will usually persist throughout life.” The virus has co-evolved with humans over millions of years which has
resulted in a balance between viral persistence and immune control. Yet, the global burden of disease due to EBV
infection is significant.”> An association between EBV infection and several lymphoid and epithelial malignancies,
lymphoproliferative and inflammatory conditions has long been known. Although EBV latently persists in resting,
predominantly memory B lymphocytes, the virus has the capacity to infect numerous cell types such as epithelial
cells, T cells, natural killer cells (NK), macrophages, astrocytes, as well as neurons, however with much lower
efficiency.>®” EBV can infect neural tissue directly or indirectly via the vasculature and infected B lymphocytes, and
EBV-associated CNS infections can manifest in a variety of neurological symptoms. In addition to the acute neurologic
complications that may occur in the context of primary infection or EBV reactivation, latent EBV infection also seems to
contribute to the pathogenesis of various chronic CNS disorders. EBV has a profound influence on the immune system,
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and recent studies have suggested a causal role of EBV in multiple sclerosis (MS), a chronic immune-mediated disease of
the central nervous system (CNS).® In this review, we present clinical manifestations of CNS disorders associated with
acute and latent EBV-infection with focus on available treatment options for these disorders and the potential of new
therapeutic approaches.

Epstein-Barr Virus
Etiology and Epidemiology

The proportion of the population showing signs of previous EBV infection increases with age. In Sweden, 50% are
seropositive at the age of 5, 60-70% at the age of 25, and 90-95% at the age of 25.” EBV infects via mucous membranes,
particularly in the oral cavity and pharynx, penetrates the epithelium and establishes a persistent, lifelong latent infection
of memory B lymphocytes. Lytic infection with virus production is common and usually asymptomatic, occurs in the
mucous membranes of the mouth-nasal cavities and EBV is then intermittently shed into saliva. Although viral
transmission through salivary contact is the most common route of infection, EBV can also be transmitted via other

mucous tissues.'® 12

Structure of EBV

The EBV genome is a large double-stranded, linear 172 kb DNA molecule, wrapped on a toroid-shaped protein core, and
enclosed by an icosahedral capsid that is surrounded by a tegument, containing both viral mRNAs and viral tegument
proteins which promote the initiation of infection and release of infectious particles. The tegument is surrounded by
a lipid envelope derived from host cell membranes containing the viral attachment and entry proteins.

The genome has 538 bp terminal direct repeats at the 3’ and 5’ ends and internal 3kb direct repeats close to the 5' end,
which divide the EBV genome into short (12 kb) and long (134kb) unique sequences.'> EBV DNA codes for 85 genes,
twelve of which are used to control the latent infection, while the others code for enzymes and structural proteins that are
expressed during the virus’s lytic, productive cycle. In addition, the virus encodes 44 microRNAs. "

Two major EBV types have been detected in humans. Type A and type B (or I and II) genomes are closely similar,
except for genes that encode EBNA2, EBNA3, EBNA4 and EBNAG, and their introns. Both isolates are worldwide; type
A is most common in Europe, North America, and Asia, while type B is more frequently found in Africans. Type A is
often found in the healthy population, while type B is more often detected in immunosuppressed individuals (due to post-

transplant treatment or HIV-infection) and EBV-associated lymphomas in these patients.'*'*

Virology and Molecular Biology

Glycoprotein gp350/220 is a viral knob protein expressed late during the lytic virus cycle and inserts into the outer viral
envelope.'®> The molecular weight is 350 kDa with a splice variant at 220 kDa. It serves as the main viral receptor for
binding to host cells. Infection of human B lymphocytes is mediated through the interaction of gp350/220 with the
complement receptor CR2 (CD21) on B lymphocytes, followed by interaction of viral glycoprotein gp42 with major
histocompatibility complex (MHC) class II molecules.'>'® Gp42 is also a structural viral protein expressed late in the
virus production cycle and gets inserted into the outer envelope.'” It is in fact part of a viral three-part glycoprotein
complex of gHgl gp42. The two-part complex of gHgl. mediates epithelial cell membrane fusion. Viruses lacking the
gp42 portion can bind human B lymphocytes but are unable to infect.

CD35, or complement receptor 1 (CR1) is an additional receptor for gp350/220 binding which can provide an
alternative route for entry of EBV into CD21-negative cells, including immature B cells.'” CD35 is downregulated by
EBYV infection.

To infect epithelial cells, which normally do not express the complement receptors, viral protein BMRF-2 binds to
cellular B1 integrins. Then, viral protein gH/gL interacts with cellular avp6/avp8 integrins. This triggers fusion of the
viral envelope with the epithelial cell membrane, allowing EBV to enter the epithelial cell.'> After virus entry, the EBV
genome is transported to the nucleus where virus replication is initiated.
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In latent infection, EBV DNA is localized to the nucleus of the host cells in circular episomal form. The circularized
virus genome is found 12—16 hours post-infection in blood lymphocytes infected in vitro. It precedes or coincides with
the earliest detected virus gene expression.'? Although the episomal form is the most common, the EBV genome can also
persist by integrating into chromosomes of the host. However, episomal DNA is likely to be necessary for lytic cycle
EBV DNA replication, since viral production has not been observed in cells that contain only integrated EBV DNA.

EBV genes are functionally defined by their expression in lytic or latent infection. Approximately 75 viral proteins
are expressed in lytic infection. During viral replication, these proteins play a fundamental role in regulating viral gene
expression, viral DNA replication, viral structural protein synthesis, virus particle assembly and modulation of the host
immune response.

EBV Latency Programs

Latently infected B lymphocytes enter one of three main latency programs (latency III, latency II, and latency 1/0;
Table 1; Figure 1) where the expression of viral proteins and viral RNAs become more restricted with each latency type.
Six Epstein-Barr virus nuclear proteins (EBNAI1-6, alternatively EBNA1, EBNA2, EBNA3a, EBNA3b, EBNA3c,
EBNA-LP) and three latent membrane proteins (LMP1, LMP2A, and LMP2B) are expressed in different combinations
in the three latency programs.'®2° The only viral protein expressed in all latency programs is EBNA1.2' Two EBV-
encoded small non-coding RNAs (EBER1 and EBER2) and a majority of the 44 known viral microRNAs are also
expressed in all three latency types of infected cells (Table 1).'**

Upon EBV infection of B lymphocytes in vitro, the resulting transformed B lymphocytes proliferate continuously,
with a pattern of gene expression referred to as latency III. These B lymphocytes express all nine latent proteins, the six
EBNAs and three LMPs.'>?* The latency III program is expressed only in B lymphocytes and is active during the acute
phase of primary infection before the EBV-specific T cell response develops, during reactivation among patients with
impaired immune function, eg, immunosuppressed stem cell transplanted patients but also, most likely, as a means of
intermittently refilling the pool of latently infected B cells. Thus, the latency III program is active in the infected

B lymphocytes of IM patients (Figure 1).

Table | Latent and Lytic Cycle Proteins

Encoded Function Latency
Proteins
EBNAI Necessary for latent replication of the EBV genome, involved in regulating latent gene expression and mitotic 11-1/0

segregation.

EBNA2 Promotes transcriptional transactivation of viral and cellular genes, involved in immortalization of B lymphocytes. | llI
EBNA3-6 Transcriptional regulators. EBNA3, EBNAS and EBNAG6 are necessary for B cell transformation. 1l
LMPI Essential for transformation of B lymphocytes into lymphoblastoid cell lines, involved in immortalization of -

B lymphocytes.

LMP2 Contribute to maintaining viral latency by preventing B cell receptor activation. -
EBERs Non-coding RNAs, involved in antiviral innate immunity. 11-0
BART-encoded Contribute to maintenance of in vivo latency. -
RNAs

microRNAs Regulates the expression of genes related to viral latency, tumor expression, cell proliferation, apoptosis, and -

transformation.

ZEBRA Transcriptional activators of EBV early genes, Involved in the lytic replication cascade.

Gp350 Cell-surface glycoprotein, the ligand for CD2| on B lymphocytes, required for infection.

Abbreviations: EBNA, Epstein-Barr virus nuclear antigen; LMP, latent membrane protein; EBERs, EBV-encoded small RNAs; ZEBRA, the BamHI Z Epstein-Barr replication
activator; gp350, glycoprotein 350.
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Figure | EBV infectious cycle in vivo.

Notes: Overview of current view on the EBV-infectious cycle in vivo, primary EBV-infection and latency. Free virus from another host (which may be asymptomatic) carrying
EBV and secreting it to saliva may be transferred, eg, by kissing. B lymphocytes are infected with oropharyngeal mucosal cells as intermediates. Latent EBV infection is
established in a fraction of memory B cells, possible after some amplification by a few divisions of the EBV-infected B cells. Memory B cells carrying EBV can deliver virus by
cell—cell contact or by activation of the lytic cycle to the oropharyngeal mucosa, which supports virus replication and release to saliva. Both humoral and cellular immunity
are established during the primary infection. Drawing: Ingemar Ernberg.

The infected cells enter germinal centres of the lymph nodes and spleen and subsequently switch into the latency 11
program, which promote survival and differentiation into memory B cells.'*'® EBV latency II cells express EBNA 1,
LMPI1, LMP2A and LMP2b and are also detected in the classical Hodgkin lymphoma, nasopharyngeal carcinoma and
nasal NK/T lymphoma, when EBV positive.”’

When memory B cells enter the peripheral circulation, the EBV gene expression becomes more restricted. In latency
I, only one or two virally encoded proteins, EBNA1 and occasionally LMP2A, are expressed. Cells expressing latency
I pattern do not proliferate and their phenotype corresponds to non-activated B cells (Figure 1). The asymptomatic EBV
persistence in healthy carriers, where no EBV proteins are produced, is referred to as latency 0. By limiting the viral gene

expression during latency, EBV evades immune surveillance.

Latent and Lytic Cycle Proteins

EBNALI is a DNA binding protein, expressed in all three main EBV latency programs.?! It contains a glycine-alanine
repetitive sequence of variable length that inhibits its processing through the proteasomes and the subsequent MHC class
I association of the derived peptides, impeding its recognition by CD8+ cytotoxic T cell.>***> This results in
a dramatically extended half-life of EBNA1 to more than two weeks and may contribute to its presence in resting
B cells without de novo synthesis. EBNAT1 plays an important role in latent DNA replication as well as in EBV genome
maintenance and segregation into daughter cells.?'

EBNAZ2 is the most important marker to distinguish between the EBV type-A (1) and type-B (2) strains which show
57% homology.'**® Together with EBNAS, EBNA?2 is the first viral protein expressed after B cell primary infection.”” It
is a specific transcription activator of cellular and viral genes, such as the B lymphocytes activation marker CD23 and the
EBV receptor CD21.**® EBNA2 plays an essential role in the immortalization of B cells due to its transactivation of
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viral promoters (LMP1-2, Cp) and a variety of cellular genes associated with B cell activation and growth. EBNA2 is
also required for maintaining the EBV-driven proliferation of B cells.”

The EBNA3 family (EBNA3, EBNA4 and EBNA6, or EBNA3a, EBNA3b and EBNA3c) has similar effects on
cellular gene expression as EBNA2. These EBNAs generate highly immunogenic peptides that can associate with MHC
class I molecules. Some peptide-HLA class I combinations can induce CD8+ T cell mediated rejection in immunocom-
petent hosts.?*%°

Latent membrane protein 1 (LMP1) is essential for the immortalization of B lymphocytes. It confers a survival
advantage on EBV-infected B cells by protecting them from apoptosis. This is largely due to the LMP1-induced
upregulation of the anti-apoptotic protein B cell lymphoma 2 (BCL-2) and the block of p53 mediated apoptosis by the
latter.”

LMP1 almost completely mimics the function of CD40 mediated signaling and interacts with several proteins of the
tumor necrosis factor receptor (TNFR) signaling pathway through its C-terminal activation region. Through its inter-
ference with several major signaling pathways in B cells and epithelial cells, LMP1 mediates deregulation of several
hundreds of human cellular proteins. LMP1 also induces the expression of adhesion molecules such as intracellular
adhesion molecule-1 and lymphocyte function-associated antigen-1, as well as MHC Class I and 11.%°

The LMP2 contributes to the maintenance of viral latency by preventing normal B cell receptor (BCR) activation,
which would otherwise initiate viral lytic replication, while sustaining survival pathways in latently infected B cells.>*=!
LMP2a acts as a surrogate BCR in vivo by providing constitutive signalling required for B cell development and
survival. Together with LMP1, LMP2a is likely to provide the necessary survival signals for EBV-infected
B lymphocytes to differentiate into latently infected, resting memory cells.

EBERs are noncoding RNAs, expressed in abundance in almost all EBV-infected cells, including latency 0/1. They
bind the interferon-inducible, double-stranded RNA-activated protein kinase receptor (PKR) and inhibit its antiviral
functions, which could be of importance for viral persistence.*>

A family of EBV transcripts termed the BARF (BamH]1 restriction fragment A right forward transcripts or BARTSs)
family has been identified in CD19+, but not in CD23+ B cells from peripheral blood of healthy individuals. Expression
of the BARTSs in peripheral blood B cells suggests that the proteins encoded by these transcripts are likely to be important
for maintenance of in vivo latency.'>*

To date, EBV has been found to encode about 44 miRNAs that directly target cellular or viral mRNAs. EBV has
evolved to exploit its own miRNAs to modulate the expression of a variety of genes related to viral latency, cell
proliferation, apoptosis, and cell transformation. More importantly, EBV miRNAs play powerful roles in subverting host
immune responses.'>*? However, the role of EBV-encoded miRNAs in immune regulation remains to be studied in
detail. In-depth exploration of EBV miRNAs will be of great importance for further elucidation of the interaction
between EBV and host immune system and provide novel insights into how EBV succeeds as a viral pathogen.

ZEBRA (Zta or BZLF1 protein) and Rta are two immediate early proteins instrumental for initiation of the EBV
lytical cycle. When latent infection of EBV-infected cell is interrupted and enters the lytic cycle, the first detectable
change is expression of the ZEBRA protein. This, together with Rta, transactivates viral and certain cellular promoters.**

Expression of ZEBRA is sufficient to trigger the entire downstream lytic replication cascade.

EBV Pathogenesis and Host Immunity

Serology

Primary infection with EBV induces an EBV-specific antibody response. Acute EBV infection is supported by the
detection of heterophile antibodies (Monospot Test) directed against autoantigens and possibly also to food components,
which also can be seen in other acute infections, in autoimmune disease and cancer. Heterophile antibodies are present
only in acute EBV infection and usually become undetectable after a few weeks.*

EBV-specific antibody profiles are needed for staging the EBV infection. Most patients have IgM-antibodies against
the viral capsid (VCA) at the time of clinical onset. These are then replaced by VCA IgG which persists for life and is the
preferable test to verify a previous EBV infection. Early antigen (EA) antibodies can be detected in about 70% of patients
with IM and remain detectable for 3—6 months. Antibodies against EBNA appear later in the disease course and persist
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Figure 2 EBV infection and immunity in IM.

Notes: Longitudinal course of humoral and cellular anti-EBV immunity following primary EBV-infection manifesting as IM, as seen in lymphoid tissue and mirrored in
peripheral blood. The infection usually starts as a lytic infection by saliva-carried virus of epithelial cells in nasopharyngeal epithelial linings. Virus spreads to mucosa-
associated lymphoid tissues (MALT) where B cells become infected and enter proliferation (latency Ill program). These cells are highly immunogenic, inducing a strong
cellular immune reaction involving both CD4+ and CD8+ T cells. Activated CD8+ T cells kill latency Il cells using the conventional MHC Class |-restricted peptide-based
recognition to curb the proliferation. The peptides are derived from EBNA 2—6, LMP| and LMP2, but initially also from proteins expressed during the EBV lytic cycle. CD4+
T cells are primed and activated via stimulus from MHC Class lI-peptide signaling from infected B cells and regulate the humoral immune response regarding T cell dependent
antibody production. The CD4+ cells have been shown to terminate the proliferation of latency Ill cells by other immunoregulatory mechanisms than cell-killing, such as
cytokine production. Some EBV antigens, such as EBNAI with its large repetitive regions, seem to partly evoke a T cell independent response. There are also other types of
immune reactions which have been demonstrated in vitro that may play a role in the curbing of the acute infection: neutralizing antibodies, complement-dependent cell-killing
antibodies, antibody dependent cellular cytotoxicity involving NK-cells and activated T cells, opsonization by macrophages, as well as early acute responses involving
interferons and cytokines. These are most likely involved in reducing the early lytic infection. Drawing: Ingemar Ernberg.

for life. Healthy EBV carriers typically show IgG-antibody titers against VCA and EBNA (Figure 2).'?2%*® An increase
in these titers, or appearance of anti-EA antibodies, signals an EBV-host imbalance or disease.

Primary EBV Infection and Infectious Mononucleosis (IM)

The immune response to EBV is influenced by age, immunocompetence, and host genetics.>’*® Primary infection of
infants and young children with EBV is often asymptomatic or results in nonspecific findings such as upper respiratory
tract symptoms, pharyngitis, or fever without lymphadenopathy. The incubation period of IM is 3050 days.***° There is
a prodrome of malaise and fever, followed by the clinical illness of IM. This may present with sore throat, fever,
headache, stiff neck, anorexia, abdominal discomfort, pharyngitis, exudative tonsillitis, palatal petechiae, generalised
tender lymphadenopathy, splenomegaly (50%), hepatomegaly (25%) and skin rash (50%).

In IM, the host does not seem to be able to control the primary EBV infection (Figure 2). The establishment of
controlled virus latency in B lymphocytes is only achieved after a strong primary activation of the immune system. There
is a massive expansion of CD8+ T cells, many of which are directed against EBV proteins from the early stages of the
Iytic cycle.*' ™ The cytotoxic CD4+ T cell response contribute to the symptoms of acute IM by massive cytokine
production, including Interleukin-7 and TNF-a. Proliferating B lymphoblasts may constitute up to 20% of all peripheral
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B cells and give rise to a polyclonal antibody production as well as a broad and partly non-specific activation of CD4+
and CDS8+ cells. This leads to further activation of B cells, also EBV-negative, which produce antibodies with many
specificities, typically also against several viral and host proteins. A condition that can be characterized as an acute
autoimmune syndrome develops with massive activation of T cells and cytokine surge, which leads to severe enlargement
of lymphoid tissues such as lymph nodes, spleen, and liver due to infiltration and proliferation of B and T cells and
inflammation. Within 3—4 weeks the symptoms usually subside, while remaining fatigue is in some cases long-lasting, up
to 3—6 months.

The latent infection is dependent on the HLA genotype of the host. Genetic differences in the HLA class I locus have
been associated with both the outcome of primary EBV infection and the viral persistence.*”*® Epitopes derived from the
latently expressed proteins such as EBNA2 and EBNA3 are recognized by the most prevalent HLA genotypes.

HLA-restricted cytotoxic T cells (CTLs) are generated that are directed against both lytic and latent antigens. While
most of the CTLs are CD8+ cells, CD4+ CTLs are also present. Initially, CTLs are predominantly directed against lytic
antigens; with time the frequency of CTLs to lytic antigens declines and CTLs to latent antigens increase. CTLs directed
against lytic antigens are predominantly CD45RA+, CD45RO-, while CTLs directed against latent antigens are usually
CD45RA- ~, CD45RO+ *.** Typically, a dynamic equilibrium arises between latently infected B cells and EBV-specific
CTLs. Although the number of infected memory B cells vary 100-fold between individuals it remains rather stable
throughout life reflecting a balance between virus-driven B cell proliferation and immune response. Most of the persistent
EBV-infected cells in the peripheral blood of healthy carriers are resting B cells with a latency 0/I pattern: expression of
LMP2A and EBNALI, as well as the two non-translated RNAs (EBER1 and EBER2).

In rare cases, the individual fails to control the EBV infection, and a chronic persistent condition or fulminant life-
threatening forms may develop. Sporadic cases occur, while others are associated with X-linked lymphoproliferative
syndrome.*® The patient suffers from fatigue, elevated inflammatory parameters, recurrent febrile episodes, lymphadeno-
pathy, and hepatosplenomegaly. A strong infiltration of both EBV-positive B lymphoblasts and activated T cells can be
demonstrated in lymphoid organs, but also in other organs such as the liver, lung, and CNS. Being rare, this condition is
difficult to diagnose. A characteristic of chronic symptomatic primary EBV infection is a decline of EBNAI antibodies
which can be used in screening for risk of chronic disease.

EBV-Mediated CNS Pathology

Although relatively rare, EBV infection may cause an astonishing spectrum of neurologic complications. Neurologic
disorders related to productive infection include meningitis, encephalitis, cerebellitis, Guillain-Barré syndrome, acute
disseminated encephalomyelitis, and peripheral neuropathies, whereas latent infection increases the risk of malignant
lymphomas in the brain and may contribute to autoimmune and neurodegenerative disorders.

The neuroinvasive capacity of EBV is elusive. However, recent studies investigating the neurotropic potential of the
virus indicate that EBV has the capacity to infect glial cells and neurons as well as endothelial cells of the blood-brain
barrier.**® There are several potential mechanisms by which EBV may induce CNS pathology. Apart from direct lytic
EBYV infection of neurons, damage to neural tissue may also arise by infection of endothelial cells of the neurovasculature
with release of viral proteins, inflammatory cytokines, and free radicals from infected cells as demonstrated in EBV
infected human cell cultures.*® Rare B cells that migrate to the brain and enter lytic virus infection may also lead to
inflammation and damage of local neurons that may be reversible depending on the extent of the neural damage.
Furthermore, interplay between the CNS infiltrating B cells and the T cell response against them will likely cause local
bystander damage.*’

The EBV infection may also activate T cells that are cross-reactive with CNS antigens, subsequently inducing an
autoimmune response.’® Molecular mimicry could be involved in disorders related to both productive and latent
infection. Furthermore, EBV is highly efficient in manipulating the host cell cycle at various stages®' and it has been
suggested that EBV-mediated cell-cycle dysregulation could initiate neurodegenerative pathology. The presence of core
cell-cycle proteins in terminally differentiated neurons could potentially induce abnormal cell-cycle re-entry upon stress,
resulting in neural apoptosis. An abnormal cell cycle re-entry in glial cells leads to activation and proliferation of these
cells, with glial scar formation and production of inflammatory cytokines.”> However, although several studies have
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shown that dysregulation of the cell-cycle plays an important role in neurodegenerative disorders, an association between
EBYV and neurodegenerative pathology remains elusive.

Neurologic Disorders Associated with Lytic EBV Infection

EBV Meningitis and Encephalitis

The most common neurologic complication of IM is aseptic meningitis defined by headache, fever, and signs of
meningeal irritation, usually occurring in the context of other common manifestations of IM.>> EBV meningitis is
almost always self-limiting, and the pathogenesis has therefore not been extensively studied.

EBV encephalitis may be a consequence of direct viral invasion of the brain parenchyma or may occur due to
immune-mediated mechanisms. As with other forms of viral encephalitis, clinical symptoms include headache, fever,
muscle weakness, photophobia, epileptic seizures, and altered mental status. However, the prognosis is generally good in
the pediatric clientele and disabling sequela are uncommon.>*

The diagnosis is based on EBV DNA in cerebrospinal fluid (CSF) and serum by PCR. The CSF of patients with EBV
meningitis/encephalitis typically shows pleocytosis, slightly increased protein levels, and atypical lymphocytes.*® Brain
magnetic resonance imaging (MRI) findings and EEG results in EBV meningitis/encephalitis are usually non-specific.’’

EBYV encephalitis often occurs with other manifestations of IM but may also occur in the absence of systemic findings,
making it difficult to diagnose.’® The presence of EBV DNA in the CNS indicates direct viral invasion and aids in the
differential diagnosis against acute disseminated encephalomyelitis (ADEM).”” EBV may also be reactivated secondary
to other CNS infections, and an increased number of EBV copies may be unspecific, resulting from any pronounced
inflammatory pleocytosis including chronically EBV infected memory B cells. There is no consensus on the minimal
number of copies in the CSF required for a diagnosis of EBV encephalitis. The window of PCR positivity is narrow, and
a diagnosis of EBV encephalitis was often applied despite negative EBV-PCR in the CSE.>” Nevertheless, the number of
copies in the CSF was clearly higher in CNS EBV lymphoma than in EBV encephalitis, in turn higher than in EBV-
related ADEM, providing some practical aid in differential diagnosis.”®

EBV has also been implicated in Rasmussen’s encephalitis (RE), a rare pediatric epileptic disease characterized by
progressive hemisphere atrophy and rapid decline in cognitive function. EBV has been detected in RE lesion areas

60,61

accompanied by a high frequency of CD8+ T cells, suggesting a T cell mediated response against virus-infected

ncurons.

Acute Disseminated Encephalomyelitis
ADEM is an uncommon immune-mediated demyelinating disorder of the CNS that has been associated with several viral
infections, including post-IM and EBV reactivation. Viral prodromal symptoms often precede an abrupt onset with
multifocal neurological deficits that rapidly deteriorate over several days.®*® The disease is typically monophasic but
recurrent forms of ADEM have been reported in case-series, typically in the context of persisting myelin oligodendrocyte
glycoprotein (MOG) antibodies.®* ADEM usually affects children and adolescents and may be difficult to distinguish
from a first clinical event of MS. However, MRI usually shows a specific pattern of widespread lesions of similar age.®®
The induction of MOG-specific autoantibodies following primary EBV infection has been detected following IM and
is often found in ADEM.®® The immune-mediated process of EBV-associated ADEM may possibly involve molecular
mimicry between EBV antigens and MOG, where antigen-presenting cells induce a T cell response against a viral antigen
that also results in an autoimmune response.®®®” However, while MOG-specific antibodies appear to decline to
undetectable levels following monophasic ADEM, the anti-MOG-production has been reported to remain elevated in
multiphasic forms of ADEM.®® Most children and adolescents with monophasic ADEM eventually recover.®*
However, the risk of subsequently developing MS is substantially increased.®’

Cerebellar Ataxia
Acute cerebellar ataxia is a rare complication of EBV infection, characterized by cerebellar swelling and cerebellar
dysfunction. Clinical symptoms include headache, fever, cerebellar signs, and altered consciousness. The condition
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mainly affects children and young adults.”’ The disease course is usually monophasic, and most patients eventually
recover completely.”"’

Acute cerebellar ataxia usually presents in the context of IM, but the condition has also been described as the only
feature of EBV infection.”® In post-EBV acute cerebellar ataxia, serum IgM autoantibodies have been identified which
decreased with clinical improvement and thus suggests an autoimmune nature of the disease,”* possibly as a result of
molecular mimicry between EBV proteins and cerebellar tissue. However, viral nucleic acids in the CSF have been

detected in some affected patients,”' suggesting that viral infection of brain tissue may also contribute.

Neurologic Disorders Associated with Latent EBV Infection

Primary CNS Lymphoma

Primary CNS lymphoma (PCNSL) is a highly aggressive tumor of B cell origin that accounts for 1% of all lymphomas
and 3—5% of primary brain tumors.”® The tumor is confined to the brain, soft meninges, spinal cord, and eyes. Biopsies
show angiocentric growth pattern with infiltration of the cerebral parenchyma. EBV-associated PCNSLs are mainly
observed in patients who are immunocompromised. The incidence has risen over the last 20 years, particularly among the
elderly.”"’

Clinically, PCNSL presents with subacute, progressive mental status changes and with a variable combination of focal
weakness, seizures, and headaches, depending on the location of the tumor. The tumors are not typically amenable to
surgical resection due to widespread and diffusely infiltrative tumor growth and the clinical outcomes are poor.”®”? The
neoplastic cells express type Il latency molecules such as LMP-1. Expression of several chemokines, inflammatory
cytokines and adhesion molecules are involved in the migration of malignant B cells into the CNS and for their
angiocentric positioning.***!

A genetic variant of LMP1 may be a pathogenic factor for EBV-positive PCNSLs in older immunocompetent
patients, since the altered LMP-1 product is less immunogenic for EBV-specific cytotoxic T cells. The pathogenesis of
PCNSL in immunocompetent hosts has been suggested to involve decreased specific immunity to EBV due to impaired

cytotoxic T cell activity related to aging.®

Multiple Sclerosis
Multiple sclerosis (MS) is a chronic immune-mediated disease of the central nervous system characterized by inflamma-
tion, demyelination, and axonal degeneration. For northern Europeans, the lifetime risk of MS is 1:400. The disease
typically starts as a relapsing remitting disease (RR MS) characterized by bouts of disease activity between periods of
remission. The symptoms vary considerably depending on the location of the lesions within the CNS. Ultimately, the
disease usually converts into secondary progressive MS (SPMS) with gradually increasing disability. In a low proportion
of people affected by MS, the disease is progressive from onset without preceding clinically observable relapses (primary
progressive MS; PPMS).®

The risk of MS is increased after IM, related to the post-childhood acquisition of EBV infection, and patients with MS
have higher levels of EBV-specific antibodies than control populations.** In a seronegative group remaining from
a cohort of young adults in the US military, the risk of MS was increased 32-fold after infection with EBV. The study
demonstrated that EBV infection preceded the development of MS and that serum levels of neurofilament light chain,
a biomarker that reflects neuroaxonal degeneration, increased only after seroconversion.® Several studies have observed
a significant increase in EBNAI antibody titers many years prior to MS onset.*>® The consistent findings that EBV
infection and elevation of specific EBNAI antibody titers precede MS onset suggest that EBV is a necessary, but not
sufficient, factor in MS development.

EBV-infected B cells and plasma cells have been detected in chronic MS lesions and in areas of demyelination®”*®
the B cell infiltration has been correlated with the severity of the disease progression.* In patients with MS, serum
EBNAI antibodies have been correlated with disease-associated oligoclonal Ig-bands in CSF.”' Furthermore, higher

frequency of CD4+ T cells specific to EBNA1 has been observed in MS patients,”*"*
3

where a subset of the T cells cross-
reacted with CNS—autoantigens.9
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Genetic susceptibility to MS is mainly located within the human leukocyte antigen (HLA) complex, where the HLA
class IT allele DRB1*15:01 exerts the single strongest effect.”* Increased levels of EBNAI antibodies following EBV
infection in DRB1*15:01 carriers implicate a poor class II-mediated immune control of the infection. The exact
mechanisms by which EBV predisposes individuals to MS remain unclear but possible mechanisms may involve
deficient immune control of EBV infection, molecular mimicry, and bystander damage.”” In the context of
DRB1*15:01, it is possible that EBV infection could activate virus-specific T and B cells that are cross-reactive with
CNS antigens, and subsequently initiate the onset of MS. EBV may also contribute to the progressive phase of MS.
A severe disease progression has been associated with B cell infiltration and follicle formation within CNS where some
studies,*”*° but not all’® have detected EBV-infected B cells. If insufficiently controlled EBV-infected B cells accumulate
in the CNS or the meninges, they may contribute to CNS-compartmentalized inflammation.

Treatment Rationale and Options

Sentinel Event: Infectious Mononucleosis. Treatment and Prophylaxis

Although IM is usually a self-limiting disease, therapeutic and preventive trials are warranted due to its immediate and
late complications: persistent fatigue occurs in 9-22% of post-IM patients after 6 months;’”**® the risk of CNS disorders
complicating IM as described in the previous section of this review was reported to be 1-18%,;%"'°° and beyond the 2- to
3-fold increased risk of MS there is increased risk of other autoimmune disorders. Moreover, IM is associated with EBV-
positive Hodgkin lymphoma.'®!

Antiviral agents tested against IM were mainly acyclovir and its prodrug valacyclovir. Acyclovir is an acyclic
guanosine derivative. The viral kinase for phosphorylation is necessary for activation of Acyclovir, so it accumulates
virtually only in infected cells undergoing lytic productive infection. It competes for the viral DNA polymerase,
expressed only during the lytic cycle, with the activated nucleotide deoxy-guanosine-triphosphate, resulting in chain
termination after incorporation into the viral DNA. In spite of the clear rationale, the first trials of acyclovir in IM showed
no impact on the clinical course although virus shedding transiently ceased during treatment.'®® Authors speculated
whether the obstacle was the long incubation time of IM, about 4 weeks, or the low concentrations of acyclovir in the
oropharynx. The lack of effect clearly indicates that at the time of clinically overt disease the latently infected
B lymphocytes drive the overreactive immune response, while there is little impact of the lytic virus cycle linked to
earlier steps of the primary infection.'”® However, corticosteroids were not beneficial either.'® A Cochrane review of
seven randomized controlled studies of acyclovir and its derivatives confirmed that viral shedding was reduced while on
antiviral treatment, although this effect was not sustained when the treatment was stopped. There was a mean reduction in
physician assessed time to clinical recovery of five days and a mean reduction in duration of lymphadenopathy of nine
days in the treatment group. However, due to wide confidence intervals the Cochrane authors concluded that the
therapeutic effect of these antiviral agents in IM was unproven.'®> We are not aware of any study using intravenous
acyclovir as for herpes encephalitis. Gancyclovir is an acyclic guanosine analog effective in cytomegalovirus (CMV)
infections. Similar to acyclovir, its initial phosphorylation is catalyzed by a virus-specified kinase. In a Chinese multi-
center study on hospitalized pediatric patients with IM, neither acyclovir nor ganciclovir demonstrated therapeutic
effect.'*

Vaccination against EBV is still in its early stages after more than 25 years of trials. Due to the life-long infection with
mutual immunogenetic linkage between virus and host, vaccination with live attenuated EBV is obviously contra-
indicated. In order to obtain prophylaxis against EBV-associated disorders, there is a rationale for vaccination inducing
neutralizing antibodies in infancy before maternal antibodies wane. It is unknown whether persistent immunity can be
achieved and repeat boosters may be required to avoid a later lytic infection. An alternative rationale is to produce
neutralizing anti-EBV immunity in seronegative teenagers without eliciting IM. A theoretical objection would be that the
EBV seropositive state implicates a manifold higher risk of MS compared with the seronegative state. However,
epidemiological studies indicate that IM itself is associated with increased risk of MS and the teenage population will,
with few exceptions, be seropositive two or three decades later. Then the rationale is 1) Prevention of IM itself, 2)
Prevention of several immediate complications as reviewed here, as well as 3) Lymphomas and other EBV-related
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malignant disorders. An essential spin-off is the possible prevention of MS (and other autoimmune disorders) which
would confirm EBV as a prerequisite for MS. Experimental trials of vaccines based on EBV-like virus in primates
showed that it was possible to expand EBV-specific T cell lines against new EBV epitopes,'?”!*®
Cui et al.'”

The first clinical trial of an EBV vaccine was reported in 1995. It used gp340 (gp350) expressed in vaccinia virus.''°

recently reviewed in

Producing neutralizing antibodies against gp350 is still the mainstay of prophylactic EBV vaccines. The virus attaches to
and enters the host cell by the lytic proteins gp350 and the three-part glycoprotein complex gp42, gH, and gB, as
described above. Immunization combining these antigens experimentally was more effective than immunization based on
gp350 alone.'"" Since 2002, a number of human Phase 1 and 2 studies that were performed in children and adolescents
showed promising effects, as reviewed in.''? Inoculation with recombinant gp350 before kidney transplantation induced
neutralizing antibodies, however only transiently.''* In a randomized double-blind study of 181 EBV-seronegative
healthy young volunteers, vaccination based on gp350-induced seroconversion in 98.7% of vaccinated participants
who remained seropositive for gp350 for more than 18 months. The vaccination prevented the occurrence of IM with
mean efficacy rate 78%. No safety problems were reported.''* A tetramer of the gp350 was developed as a future
vaccine; experimentally, it showed increased specific immunogenicity compared with the monomer without inducing
production of polyvalent antibodies.''> CTLs are probably more important for the defence against EBV, and the HLA
restricted epitopes for CTL differ from those for antibodies, as described above. Rapid recovery from IM symptoms was
coincident with broad T cell reactivity to multiple CD8 T+ cell epitopes within lytic and latent antigens, whereas
a narrowly focused response was associated with protracted illness.''® A Phase I trial of an HLA restricted CD8+ T cell
vaccine against a peptide in EBNA3 showed that 4/4 individuals had seroconverted asymptomatically without IM after
a follow-up of two to twelve years.""” The T cell-based strategy was pursued in MS prophylaxis (below). Recently, an
mRNA vaccine tested in mice based on the late Iytic EBV glycoproteins gp350, gB, gH/gL and gp42 produced higher
neutralization activity compared to human sera.'®”!''? The Moderna company currently conducts a phase 1 study of
a uridine-modified mRNA vaccine based on these four glycoproteins in mainly EBV-seronegative young adults. The
primary outcome parameter is a robust antigenic response against the vaccine proteins with the ultimate goal of
preventing IM.''® There is a rationale for other targets such as EBNA2 and LMPI1, which are important for EBV
immortalization and viral persistence, as discussed above. Most vaccine trials evaluating the T cell response were based
on latent-phase proteins such as EBNA and LMP,''? while there is a lack of trials aiming at induction of a T cell response
against lytic glycoproteins. EBERs may be relevant for inhibition of chronic infection as it is expressed in latency 0.
A further candidate is the immediate early ZEBRA protein which alone is sufficient to trigger the entire downstream lytic
replication cascade. However, no IM vaccine is currently in clinical use.

EBYV is capable of initiating a wide spectrum of disease processes. A pragmatic division is onset with or without IM,
as this will facilitate our ultimate discussion on prophylaxis. Nevertheless, many clinical entities like encephalitis seem to
behave equally with or without preceding IM. Moreover, this feature is age-dependent, as the primary EBV infection is
much less likely to present as IM in the youngest paediatric clientele. In the following sections, we report on the two
main categories of therapy, antiviral (mainly acyclovir) or immunomodulatory (i.v. methylprednisolone, dexamethasone
or i.v. gamma globulin) which were used depending on diagnosis and individual findings in the CSF. In Tables 24, we
present case-reports with convincing acute EBV infection based on elevated VCA IgM or PCR in serum. The tables
include information on PCR findings in the CSF and the intervention used in individual cases as well as a note on the
outcome. Table 5 summarizes current treatment options in CNS disorders associated with EBV.

Treatment of EBV Meningitis or Encephalitis Following IM

Therapy of EBV encephalitis was reported in casuistics or small case series (Table 2). A case of IM associated
encephalitis with typical proliferation of cytotoxic T cells not only in blood but also in the CSF was treated by parenteral
acyclovir and dexamethasone.*’ Although most cases are of mild or moderate severity, the spectrum is wide. A case of
severe encephalitis with decerebrate posturing involving basal ganglia with onset 4 days after IM, with positive EBV-
PCR in the CSF and absence of onconeural or synapse antibodies was treated with corticosteroids and i.v. acyclovir. The
outcome was positive which the authors did not attribute to any of the treatment modalities.'>” EBV meningoencephalitis

Infection and Drug Resistance 2023:16 hetps: 4609

Dove:


https://www.dovepress.com
https://www.dovepress.com

Andersen et al Dove

Table 2 Selection of Case Reports on CNS Disorders Associated with Mononucleosis Due to Primary EBV-Infection

Diagnosis Age (ys) | EBV in CSF | Therapy Outcome Ref.
(Copy No.)
Meningoencephalitis, coma 16 Negative Acyclovir Complete remission in 10 months [118]
Corticosteroids
Encephalitis, Status epilepticus, basal 14 Positive Acyclovir No effect of acyclovir. Improved only [49]
ganglia lesion (akinetic mutism) Corticosteroids | after second course of corticosteroids. [V
Encephalitis 22 Positive Acyclovir Complete remission in two weeks [119]
Corticosteroids
Encephalitis 19 Unknown Acyclovir Good recovery [120]
Corticosteroids
Encephalomyelitis 13 Positive Corticosteroids | Fast improvement [53]
Encephalitis, cerebellitis 25 Unknown Valacyclovir Complete remission in |2 months [121]
Corticosteroids
Cerebellitis 23 Negative Immunoglobulin | Complete remission [74]
Anti-MOG positive ADEM 36 Negative Corticosteroids | Fast improvement [122]
ADEM 22 Negative Corticosteroids | Good recovery [123]
ADEM 22 Positive Corticosteroids | Paraplegia in lower limbs persisted. [124]
Ganciclovir
Immunoglobulin
ADEM | Positive Corticosteroids | Complete recovery [125]
Note: All cases presented with EBV serology suggestive of primary infection.
Abbreviations: MOG, myelin oligodendrocyte glycoprotein; ADEM, acute disseminated encephalomyelitis.
Table 3 Selection of Case Reports on CNS Disorders Associated with Primary EBV-Infection Without IM Manifestation
Symptoms or Syndrome Age (Years) | EBV in CSF Therapy Outcome Ref.
(Copy No.)
Meningoencephalitis 2 Positive Corticosteroids Complete remission [126]
Encephalomyelitis and meningoradiculitis. 23 Positive Acyclovir No immediate effect. [59]
Flaccid paraparesis, confusion. Positive outcome.
Meningoencephalomyelitis 15 400 copies/mL Acyclovir Positive outcome [58]
Ganciclovir
Corticosteroids
Encephalitis 21 Positive Acyclovir Good recovery [127]
Immunoglobulin
Encephalitis 8 Negative Acyclovir Complete remission [128]
Corticosteroids
Encephalitis, widespread encephalopathy 8 26,400 copies/ Gancyclovir Positive outcome [129]
mL Corticosteroids
Acute cerebellar ataxia 42 7843 copies/mL | Supportive Complete remission in [130]
two weeks
(Continued)
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Table 3 (Continued).

Symptoms or Syndrome Age (Years) | EBV in CSF Therapy Outcome Ref.
(Copy No.)
Acute cerebellar ataxia 38 ND Acyclovir Positive outcome [73]
Immunoglobulin
Acute cerebellar ataxia 23 Negative Acyclovir Remission after [72]
Corticosteroids dexamethasone.
No residual deficit
Acute cerebellar ataxia 23 Negative Immunoglobulin Rapid resolution [74]
Acute cerebellitis 37 Negative Acyclovir Complete remission [131]
Corticosteroids
Note: All cases presented with EBV serology suggestive of primary infection.
Table 4 Selection of Case Reports on CNS Disorders Associated with Reactivated EBV-Infection
Symptoms or Age (Years) | EBV in CSF Therapy Underlying Outcome Ref.
Syndrome (Copy No.) Disease
Meningitis 35 4980 copies/mL Acyclovir None Complete remission [132]
Corticosteroids
Meningoencephalitis | 61 84,600 copies/mL Rituximab Transplanted Positive outcome [133]
Encephalitis 53 370 copies/mL Acyclovir Rheumatoid arthritis | Positive outcome [134]
Antimicrobials treated with
DMARDs
ADEM-like disease 15 2000 copies/mL Acyclovir None Complete remission in | [58]
Ganciclovir eight months
Immunoglobulin
Corticosteroids
ADEM 31 Positive Ganciclovir Crohn’s disease Improved after [135]
Plasma exchange treated with repetitive use of
Immunoglobulins, infliximab corticosteroids
Corticosteroids
ADEM 53 500 copies/mL Corticosteroids Transplanted Improved [136]
ADEM 42 700 copies/mL Corticosteroids Transplanted Complete remission [136]

Note: All cases presented with EBV serology suggestive of reactivated infection.
Abbreviation: ADEM, acute disseminated encephalomyelitis.

is apparently never multiphasic (a course reported in herpes type 2 conditions),*® so secondary prophylaxis is not an

issue.

Apparently, the documentation of therapy of EBV-induced meningitis and encephalitis in case reports or small case

series is limited to Evidence grade IV. Randomized controlled trials are still lacking in the wide spectrum of neurological

disorders following primary EBV infection. This highlights the importance of continuing the development of prophylaxis

against primary EBV infection.
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Table 5 CNS Disorders Associated with EBV, Possible Pathogenesis and Treatment Options

CNS Disorder

Basic Pathogenesis

Current Treatment Options

cerebellar ataxia

mimicry between EBV antigens and cerebellar tissue or direct

viral invasion of brain tissue.

Meningitis Direct viral invasion of the meninges. l.v. acyclovir or other antiviral treatments*)
High-dose corticosteroids

Encephalitis Direct viral invasion of the brain vasculature and parenchyma. l.v. acyclovir or other antiviral treatments*)
High-dose corticosteroids

ADEM Immune-mediated mechanism that in a proportion of cases First-line: High-dose corticosteroids

involves molecular mimicry between EBV antigens and MOG. L.v. acyclovir or other antiviral treatments*)

Agents with immunomodulating and immunosuppressive
capacity**)

Acute Immune-mediated mechanisms that may involve molecular First-line: High-dose corticosteroids

lv. acyclovir or other antiviral treatments®)
Agents with immunomodulating and immunosuppressive

capacity*¥)

EBV associated

Malignant transformation of EBV-infected lymphocytes within

Conventional lymphoma therapy: Chemotherapy, radiation

primary CNS the CNS that primarily affects immunocompromised individuals. | therapy and stem cell transplantation. Several novel and
lymphoma advanced varieties of immunotherapy***)

Multiple Immune-mediated mechanisms that may involve the activation | Several agents with immunomodulating and

sclerosis of autoreactive T and B cells targeting myelin. Might involve immunosuppressive capacity***¥)

B cell infiltration and follicle formation within the CNS.

Notes: Infectious mononucleosis was not included, as currently no therapy is approved for this condition. *Indicated by ongoing cyclic lytic infection as demonstrated by
significant number of EBV copies in the CSF Early treatment is essential, and may be initiated where suspicion is high based on clinical findings; **May include i.v.
Immunoglobulin G or Rituximab; **Including CAR therapy, see text and further reviews; ****Currently several subcutaneous, oral, and parenteral drugs are approved for
relapsing-remitting course, and ocrelizumab or siponimod for different progressive courses.

Abbreviations: l.v,, intravenous; ADEM, acute disseminated (or demyelinating) encephalomyelitis.

Treatment of ADEM Following IM

ADEM may be difficult to separate from post-IM encephalitis but is typically characterized by large white matter
inflammatory demyelinating lesions demonstrated by T2-weighted MRI and absence of the EBV genome in the CSF.
Furthermore, well-defined serum anti-MOG-antibodies are frequently detected.®* Encephalopathy with MRI showing
multifocal lesions and significant number of EBV copies in the CSF may represent EBV encephalitis complicated with an
ADEM-like immunological reaction, and when treated by both corticosteroids and ganciclovir a favourable course cannot
be attributed to a specific pharmacological category. In a multicentre study, 44% (11/25) of children with MOG antibody
positive disease (MOGAD) were EBV positive in serum compared with 95% (445/468) of MS pediatric patients.'*> The
combination of IM with MOGAD is unusual, however it does occur. In an illustrative case report, MOG antibody
positive ADEM followed serologically verified IM with absence of the EBV genome in the CSF. The patient improved
quickly after pulses of methylprednisolone followed by betamethasone tapering'>® (Table 2).

Treatment of Monophasic Cerebellar Ataxia Following IM

The cerebellum is a relatively frequent target for autoimmune attacks.'*® Paraneoplastic antibodies such as anti-Yo are
often targeting the Purkinje cells. In a Western blot and ELISA study on post-EBV cerebellitis, approximately one-third
of the patients had autoantibodies against triosphosphate isomerase (TPI), a ubiquitous protein,”* while few of the
controls and notably none of their MS controls showed TPI-antibodies. Intravenous gamma globulin and plasmapheresis
have been used in the treatment of cerebellar ataxia complicating EBV primary infection, although this condition is
usually benign and self-limiting.'*' Treatment with corticosteroids was used in a few cases, with doubtful results’®
(Table 2).
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Treatment of Encephalitis Following EBV Primary Infection Without Systemic Findings,

and EBV Reactivation

A proportion of patients with EBV-related encephalitis do not present with preceding IM, notably in pediatric clienteles.
In a series of 21 children, median age 13, with convincing EBV diagnosis based on serology or PCR, only one had
typical symptoms of IM.>® Reactivation is suggested by temporal relation to immune deficiency state due to HIV
infection or post-transplantation drug-induced immune deficiency, as well as by a constellation of EBV antibodies with
high anti-EBNA1 and low anti-VCA IgM.'"** Six of ten encephalitis patients received antiviral therapy, acyclovir or
gancyclovir. They improved clinically, regardless of underlying conditions, use of EBV-specific antiviral therapy, or EBV
load. The use of antivirals did not influence the outcome, although a rapid decrease in the CSF EBV load in two patients
whose CSF was tested after 7 and 14 days of treatment, respectively, suggested that the drugs inhibited the viral
replication56 (Table 3 and Table 4).

Treatment of CNS Disorders Characterized by Specific EBV Latency Stages

Current treatment of PCNSL associated with latency IIT does not include antiviral drugs,”® but consists of conventional
lymphoma therapy with chemotherapy and consolidation with whole-brain radiotherapy or high-dose chemotherapy
supported by autologous stem cell transplantation. High-dose methotrexate is the mainstay, recently in combination with
Bruton’s tyrosine kinase (BTK) inhibitors, new monoclonal antibodies, or checkpoint blockers, as reviewed.’”” Efforts are
ongoing to identify EBV lytic and latent peptide HLA restricted specific T cell expansion for cellular therapy. Further
novel therapies were reviewed.'*’ Proposed therapies include apart from the BTK inhibitor ibrutinib, third party EBV-
144 and CAR-T cell therapy. Furthermore, EBV-encoded miRNAs are abundantly expressed in EBV-
associated tumors, and they are implicated in tumor development by targeting viral or cellular genes. Controlling the

specific T cells

activities of EBV-encoded miRNAs in EBV-positive tumors may represent a promising approach to restoring host anti-
tumor immunity, which provides a novel therapeutic strategy for the treatment of EBV-associated tumors.'*’

PCNSL appears to be more common in immunocompromised individuals and among those with autoimmune
disorders requiring immunosuppression.'*® It can be challenging to differentiate PCNSL from occasional large hemi-
spheric demyelinating lesions in MS and the disorders may also co-occur, particularly in MS patients treated with
fingolimod or natalizumab. In this context, autologous hematopoietic stem cell transplant, apart from conventional

lymphoma therapy, may be an option.

Treatment of CNS Disorders Putatively Associated with EBV Latency 0/|

Multiple Sclerosis

According to contemporary opinion on the involvement of EBV in MS pathogenesis, prophylaxis against MS will partly
be identical to prophylaxis against the IM and the caveats discussed above. The ultimate proof of EBV involvement in
MS pathogenesis would be if EBV prophylaxis turn out to be efficacious in preventing MS. Stringent follow-up would be
needed for several years at a sufficient scale (eg, in national registers) to determine such preventive effects. Selecting an
MS prodrome rather than manifest MS for outcome might shorten the observation time.

More than a dozen immunomodulatory treatments are available in relapsing remitting MS, and two agents are now
approved for progressive MS although with moderate effects, probably limited to cases with inflammatory lesions.'*’
However, the prospect of possible antiviral therapy is interesting. Previous small studies of anti-viral treatment in MS
included a 2-year randomized study of high-dose Acyclovir and further trials of Acyclovir and Valacyclovir."** 1> While
none show statistically significant effects on disease activity, intriguing trends were observed. Neither Acyclovir nor
Valacyclovir affect EBV infection in latency 0-1; in fact, there are no currently available drugs with an effect on latent
EBYV infection. However, neither available anti-viral drugs nor neutralizing antibodies against glycoproteins can induce
clearance of latently EBV infected memory B cells, whereas T cell immunity is essential for controlling the infection in
latency.'”' After EBV-specific CD8+ T cell lines originating from patients with progressive MS were produced by
in vitro stimulation with LMP and EBNA1, the patients were treated by adoptive transfer of these cells. In a two-year

follow-up of 10 patients, four participants showed clinical improvement.'
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B cell depleting therapies are highly efficacious in relapsing remitting MS. Recently, a study integrated in the Swedish
MS registry demonstrated that rituximab was superior to fumarate in reducing the frequency of relapses.'>* It is unknown
whether the efficacy of anti-CD20 therapy partly depends on its capacity to eliminate CD20+ B cells, including CD20+
memory B cells harbouring the EBV. To the best of our knowledge, there are no studies comparing the relationship
between anti-CD20 clinical efficacy, CD20+ B cell concentration and EBV genome count. Exploration of such a mutual
relationship should be an immediate priority.

The Challenges of Vaccination to EBV

If MS is associated with a high degree of - and in some respects aberrant — immunoreactivity (as in IM polyspecific
immunoreactivity),'** a similar challenge as discussed for IM above would be to obtain a sufficient neutralizing response
without eliciting the acute IM autoimmune response. However, for a wide range of EBV associated malignancies, the
object is to completely avoid the primary infection, implicating prophylaxis at an early age (1-2 years), maybe
necessitating repeat boosters to avoid a later lytic infection. A survey was performed of recent and ongoing phase 1
and 2 trials of prophylactic vaccines for IM and MS, and large studies were proposed, scheduled from power

calculations.'>>

Treatment of CNS Disorders Associated with Possible Co-Infection with EBV and

HHV-6

There are indications that human herpes virus (HHV)-6A, together with EBV, may be involved in MS. While virtually all
MS patients experienced a preceding EBV infection, only a smaller proportion (approximately 40%) had a preceding
HHV-6A infection according to their serological state.'>® In a histological study on Rasmussens’s encephalitis, 17 vs 15
of 30 brain specimens contained EBV vs HHV-6 (not differentiated between A and B) antigens.®' No antiviral drug has
been approved or systematically investigated for treatment of HHV-6 infection, however HHV-6 fusion inhibitors with

a rhodamine structure were tested in human cells.'’

Integrated Rationale for the Spectrum of EBV Infection Sequalae

e The intensity of the primary EBV infection is dependent on either the infectious dosage or the individual propensity
for a forceful cellular, mainly CD8+ response.

e Several types of immediate complications after EBV primary infection, with or without IM, were apparently treated
successfully with antiviral or immunosuppressive agents, however with no randomized trials available.

e The long-term consequences of the primary infection, particularly when severe, are probably dependent on either
a larger burden of or less stable EBV in latency 0-I or a pathological setting of the humoral and cellular anti-EBV
immunoreactivity.

e Anti-EBV therapy in MS was essentially negative, suggesting that MS ultimately develops from pathological
processes based in latent infection, if EBV is a prerequisite for the disease.

e Therefore, the single most promising action would be prevention of the primary EBV infection. The rationale is
prevention of IM, implicating prevention of its established immediate complications discussed in this review as well
as several EBV-dependent neoplastic disorders. Prophylaxis against MS may be an important spin-off, with the
further asset of obtaining strong evidence of a causal relationship between EBV and MS.

e To obtain an effective EBV prevention, the target could be known viral receptors eliciting neutralizing antibodies,
EBV proteins essential for the lytic infection, as well as EBV proteins important for cellular immunity.

e Vaccine trials against IM should be implemented in a robust administrative context using nation-wide hospital-
based or disease-specific registers, enabling long-term follow-up with reasonable coverage. Aiming at MS preven-
tion, specific risk groups such as MS trait or radiologically isolated syndrome could be selected.

The present review demonstrates that many of the disorders in the large spectrum of complications to EBV infection are
of autoimmune nature. IM is associated with polyspecific antiviral and heterophile immunoreactivity and several of its
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immediate complications are due to autoimmune reactions towards CNS antigens, although EBV persistence was often
revealed in the CSF. Late complications may be due to deficient cellular immune control. In MS, there is a polyspecific
antiviral immunoreactivity in the CSF similar to that seen in IM, while several lymphomas and mucosal carcinomas are
dependent on the persistence of the EBV-genome. A common countermeasure against the EBV primary infection and its
spectrum of complications would be prophylaxis against the primary infection. The rationale for IM vaccination is
stronger, aiming at its immediate and malignant complications, while the rationale for IM vaccination as MS prophylaxis
is pending confirmation of an EBV-MS causal relationship. However, MS prophylaxis could be an important spin-off
from IM vaccination, aiming at immediate and malignant complications.
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