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Introduction

Epstein-Barr Virus (EBV) is a ubiquitous human herpesvirus that contributes to the etiology of 

diverse human cancers and auto-immune diseases. EBV establishes a relatively benign, long-term 

latent infection in over 90 percent of the adult population. Yet, it also increases risk for certain 

cancers and auto-immune disorders depending on complex viral, host, and environmental factors 

that are only partly understood. EBV latent infection is found predominantly in memory B-cells, 

but the natural infection cycle and pathological aberrations enable EBV to infect numerous other 

cell types, including oral, nasopharyngeal, and gastric epithelia, B-, T-, and NK-lymphoid cells, 

myocytes, adipocytes, astrocytes, and neurons. EBV infected cells, free virus, and gene products 

can also be found in the CNS. In addition to the direct effects of EBV on infected cells and tissue, 

the effect of chronic EBV infection on the immune system is also thought to contribute to 

pathogenesis, especially auto-immune disease. Here, we review properties of EBV infection that 

may shed light on its potential pathogenic role in neurological disorders.
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A Brief History of Discovery

The discovery of Epstein-Barr virus (EBV) as the first virus implicated as the causative 

agent of human cancer was both paradigm shifting and a result of one of the most intriguing, 

international medical detective stories of the 20th century. This story begins in Africa with 

Denis Burkitt, a one-eyed, Protestant Irish surgeon who, after his service with the Royal 

Army Medical Corps in Kenya and Somaliland during World War II, established a medical 

practice in Uganda to help the people of Uganda “both medically and spiritually” (1). In 

1958, Burkitt described an aggressive tumor of the jaw and face that was common to 

children living across central Africa (2). Although initially the apparent restriction to the jaw 
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suggested that these tumors were sarcomas, Burkitt realized that the tumors of the jaw were 

associated with tumors at distant sites including the kidneys, ovaries, testes, liver, and 

occasionally the spinal cord, resulting in paraplegia (2). These findings led Burkitt to 

conclude that these disparate tumors were all part of the same disease. Subsequent 

microscopy studies concluded that the tumor tissue comprised a previously undescribed type 

of lymphoma with larger, paler staining histiocytes in a “starry sky” pattern and the tumor 

was renamed “Burkitt’s Lymphoma” (3, 4).

Burkitt found that the incidence of Burkitt’s lymphoma was up to 18 per 100,000 children 

per year, making it the most common childhood tumor in Uganda. Of interest, there was 

peak incidence in children from 5–6 years of age with a preponderance in boys (Figure 1). 

Notably, Burkitt defined a geographic “lymphoma belt”, which revealed that the tumors only 

occurred in areas where the year-round temperature was above 15°C and the annual rainfall 

was above 20 inches (0.5 M). The prevalence of Burkitt’s lymphoma in other areas of the 

world, including coastal regions of Papua New Guinea, with other specific environmental 

conditions suggested that the disease was vector-borne (5). Indeed, the malarial pathogen 

Plasmodium falciparum is often an important co-factor in the development of Burkitt’s 

lymphoma and the peak age incidence for the tumor coincides with the age at which children 

have the highest levels of malaria parasites in their blood (6). However, it was a personal 

connection that Burkitt made after giving a lecture while on leave in the United Kingdom 

that would ultimately lead to the discovery of the virus that causes Burkitt’s lymphoma.

When Michael Anthony Epstein attended Burkitt’s lecture at Middlesex Hospital in 1961, 

his work focused on Rous sarcoma virus—the first oncogenic retrovirus to be described; it 

causes sarcoma in chickens. After this encounter, Burkitt sent samples of tumor tissue to 

Epstein who, with Yvonne Barr, was able to generate cell lines from tumor material (7), 

leading to the identification of herpes-like viral particles in tumor cells by electron 

microscopy (8). From the UK, the story of viral discovery moved farther west when Epstein 

sent samples to the laboratory of Werner and Gertrude Henle at the Children’s Hospital of 

Philadelphia for further characterization. The Henles demonstrated that antibodies to 

Epstein-Barr virus (EBV) were found in African patients with Burkitt’s lymphoma and were 

also widespread in healthy individuals in Philadelphia. Moreover, the development of 

infectious mononucleosis (IM) in the Henles’ laboratory technician, who fortuitously 

seroconverted to strongly EBV antibody positive after her serum was previously used as a 

negative control for serologic assays, led to the discovery that EBV causes IM (9). The 

Henles were also the first to describe a hallmark characteristic of the virus, the ability of 

EBV infected B cells to transmit the virus to uninfected B cells, leading to their continuous 

growth transformation (10).

As work on EBV continued in the 1970s and 80s, the virus was linked to nasopharyngeal 

carcinoma and lymphoproliferative disorders and the association between 

immunosuppression and EBV-related lymphomas was established (11) (12) (13) (14). More 

recently, the story of EBV in human disease has expanded to include a major role for EBV 

in a subtype of lymphoepithelial gastric cancers—it is currently estimated that 1.5% of all 

human cancers worldwide are attributable to EBV (15). EBV has also been implicated as a 

contributing etiological agent in various auto-immune diseases and neurological disorders 
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(16) (17) (18). Our understanding of the pathogenic role of EBV in immune dysregulation, 

especially in combination with environmental factors and genetic susceptibility, continues to 

expand. This review focuses on the neuropathogenesis of EBV infection.

Virology and Molecular Biology

The systematic name for EBV is human herpesvirus 4 (HHV-4) and it is one of eight known 

human herpesviruses. EBV is a member of the gammaherpesvirus subfamily and is the 

prototype member of this group; Kaposi’s sarcoma virus (KSHV) is the other medically 

important human gammaherpesvirus that has been identified. EBV strains are classified as 

type 1 or type 2 (formerly known as types A and B, respectively) based primarily on the 

sequence of their Epstein-Barr Virus Nuclear Antigen 2 (EBNA2) gene (19). Characteristic 

of all herpesvirus, EBV has a large (172 kilobase pair), double-stranded DNA genome that is 

linear in the virus particle and contained within an icosahedral capsid that is surrounded by 

an amorphous tegument, containing both viral mRNAs and viral tegument proteins, 

including BNRF1, BPLF1, and BGLF2. These tegument proteins enhance EBV reactivation 

and infection, promote the release of infectious particles, and help the virus evade the innate 

immune system (20) (21) (22). The tegument is surrounded by a lipid bilayer viral envelope 

derived from the host cell membrane and containing the viral attachment and entry proteins. 

There are 13 glycoproteins encoded by EBV; eleven of them are found in the virion envelope 

and two are nonstructural proteins. These glycoproteins have one or more functions in either 

facilitating virus entry and spread, virus assembly, and/or manipulating the host immune 

response (23).

The EBV genome (prototypical strain B95–8) was the first of the herpesviruses to be 

completely sequenced and encodes over 80 ORFs, non-coding RNAs (EBER1 and EBER2), 

and 44 mature miRNA (24, 25). There are several internal repeat sequences dispersed 

throughout the viral genome that can be used to identify EBV strains and to perform 

molecular epidemiology (25–27). Terminal repeats present at the ends of the linear form of 

the EBV genome allow for circularization in infected cells, ensuring that latently infected 

cells contain the viral genome as non-integrated complex mini chromosomes, called 

episomes. These episomes are located in the host cell nucleus, with approximately 10 – 50 

copies present in each infected cell (28). EBV genes are operationally defined by their 

location on a BamHI restriction map of the viral genome and functionally defined by 

whether they are expressed during lytic (productive) or latent (no virions produced) 

replication. Latently infected B-lymphocytes enter one of four latency programs (Latency 

III, Latency II, Latency I, or Latency 0) with each latency type exhibiting more restrictive 

expression of a subset of viral proteins and viral RNAs. While Type III latency is 

characterized by expression of the majority of viral latency factors (9 viral proteins and 

multiple noncoding RNAs), fewer viral proteins are expressed during Type II latency, and 

Type I latency is characterized by expression of a single viral protein (EBNAI) along with 

viral noncoding RNAs. During Latency 0 only the EBER noncoding RNAs are expressed 

(Figure 2) (29). Five latent genes (EBNA1, EBNA2, EBNA3A and EBNA3C, and LMP1), 

are required for B-cell transformation (19). Importantly, all EBV-related cancers are 

associated with latent infection. Lytic genes encode viral transcription factors (e.g. BZLF1), 

a viral DNA polymerase (BALF5) and associated factors, and viral glycoproteins and 
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structural proteins (25). However, there are exceptions to this pattern, especially in non-

lymphoid tumors. For example, the viral glycoprotein BARF1, which is typically expressed 

as a lytic gene in B-cells, can be detected in nasopharyngeal carcinoma, where it inhibits 

apoptosis and may enhance immune evasion (30) (23, 31). Furthermore, new genome-wide 

RNA-sequencing methods reveal expression of viral genes traditionally associated with the 

lytic cycle in otherwise latently infected tumor cells(32). This raises new possibilities for 

pathogenic contributions from the many (>100) viral lytic genes that may be expressed in 

some aberrant latent infections.

Natural History of EBV and Infection in the Central Nervous System (CNS)

The natural infection cycle of EBV is important to better understand with respect to the 

potential role of EBV in CNS disease. However, there are limits to our knowledge of EBV 

reservoirs in latent and chronically infected individuals. EBV relies primarily on latent 

replication to proliferate within an individual via clonal replication in dividing B cells. 

However, abundant sources of viral DNA and virions can be detected in the saliva of chronic 

shedders(33, 34) (35). Episodic shedding of the virus from the oropharynx occurs without 

symptoms in many infected individuals(36); in one study, EBV was found in the saliva of 

73% of seropositive adults over a period of 14 months (37). Nevertheless, lytically infected 

cells are rarely detected in organs and tissues that contain latently infected lymphocytes. 

This tight control of EBV lytic infection is likely due to a robust T-cell immune recognition 

of EBV lytic proteins, while latently infected cells successfully evade this cellular immune 

response (38). Cyclical shedding likely reflects a ‘cat and mouse’ game of sporadic viral 

reactivation with rapid suppression by a healthy immune response.

Viral transmission through salivary contact with permissive epithelial cells in the oral 

(tonsillar) compartment is thought to be the primary route of primary infection. Although the 

oral route is the most common route of infection, EBV transmission can occur during organ 

transplantation and blood transfusion(39–41). Transmission during reactivation occurs 

through the synaptic interaction of latently infected B-cells circulating with epithelial tissue, 

typically in the oropharynx(42). EBV uses different attachment protein/host receptor 

interactions for entry in B cells and epithelial cells. In B cells EBV gp350 binds to CD21 

(Complement receptor type 2, also known as complement C3d receptor) (43). Subsequently, 

EBV gp42 interacts with HLA class II molecules and triggers fusion with the host 

membrane (43). Alternatively, in epithelial cells, EBV uses its BMRF2 protein to interact 

initially with b1 integrins; fusion is then triggered by interaction of EBV gH/gL envelope 

protein with αvβ6/8 integrins (44) (45).

After virus entry and dissolution of the viral nucleocapsid, the EBV genome is transported to 

the nucleus, initiating virus replication (46). Infection of a naive, resting B-cell results in a 

complete reprogramming of the B-cell that resembles the germinal center reaction (47). The 

initial transcription program of EBV Latency III induces naïve B cells to proliferate (48) 

(49). A subset of these cells enters a germinal center and subsequently switches to the 

Latency II program where fewer EBV proteins are expressed and the viral latency proteins 

LMP-1 and LMP2A promote survival and differentiation into memory B cells by mimicking 

CD40L-mediated signaling and B cell antigen receptor activation, respectively. As these 
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memory B cells exit the germinal center and enter peripheral circulation, EBV gene 

expression becomes even more restricted (Latency I), allowing the infected cell to escape 

immune surveillance. Alternatively, direct infection of a resting memory B cells can 

establish memory phenotype without the requirement of a residency within a germinal 

center (50) (51).

Infection of cell types other than B cells and endothelial, including T cells, NK cells, and 

smooth muscle cells can occur (52). However, these cells do not appear to play a major role 

in the virus lifecycle and the mechanism of entry in these CD21-negative cells is unclear 

(53). EBV infection of T and NK cells can result in mature NK/T cell lymphomas, which are 

extremely aggressive and difficult to treat (54) (55). Although EBV is not routinely detected 

in parenchymal cells of the brain (neurons and glia), EBV infection of primary human fetal 

neurons and neuroblastoma lines and astrocytes has been demonstrated in vitro(56) (57). 

Unlike many other herpesviruses, EBV has not been shown to establish latency in neurons.

Most human herpesviruses (HSV-1, HSV-2, CMV, EBV, HHV-6A, HHV-6B, HHV-7) have 

been detected in the brain and routinely establish lifelong infection of the peripheral (PNS) 

and/or central nervous system (CNS). Herpesvirus infections of the nervous system can 

result in a variety of neurological manifestations that range from asymptomatic to fatal, 

including encephalitis; meningitis; myelitis; vasculopathy; ganglioneuritis; retinal necrosis; 

cerebellitis; optic neuritis; and congenital CNS disease. Although it is appreciated that 

herpesviruses neuroinvasion can occur either during primary infection or during subsequent 

virus reactivation, the molecular mechanisms involved in establishing herpesvirus infection 

in the CNS are not completely understood—even for the alphaherpesviruses where 

directional spread from the peripheral nervous system (PNS) to the CNS has been studied 

extensively (58). In general, the neurotropism of the alphaherpesviruses allows them to 

remain latent in neural tissue and, upon reactivation, spread to the CNS along axons in a 

retrograde manner or through endothelial cells of cerebral vessels. Because EBV does not 

latently infect neurons, CNS infection following EBV reactivation is likely to occur at 

extraneural sites and enter the CNS via infected lymphocytes (59) (60) (Figure 3). 

Accordingly, CNS disorders associated with EBV infection can be considered in two groups; 

those associated with productive (primary or reactivated) infection and those associated with 

latent infection (61).

CNS Disorders associated with Productive EBV Infection

Infectious Mononucleosis (IM) and its Reported CNS Complications:

EBV is highly prevalent, infecting more than 90% of the human population worldwide(62). 

In most developing areas, primary EBV infection usually occurs in early childhood with 

near universal seroconversion often seen by ages 3–4(63). Low income and crowded family 

conditions are correlated with the increased likelihood of EBV seropositivity among 

children (64) (65) (66) (67) (68). In contrast, only 30–50% of children in developed 

countries are EBV seropositive by age five (Figure 1). In these areas, EBV infection follows 

a bimodal pattern, with peaks in children below 5 years and again after 10 years of age, 

frequently delaying exposure until adolescence or early adulthood (69–71) (72, 73). EBV 

antibody titers in seropositive individuals vary according to age following a U-shaped 
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pattern, with high titers observed among young children during primary infection and in the 

elderly (above 50 years) as the cellular immune response declines with age (74) (74) (75) 

(Figure 1).

In infants and small children, primary EBV infection is typically asymptomatic. Primary 

EBV infection in adolescence and early adulthood, however, causes infectious 

mononucleosis (IM) in about 50% of individuals who seroconvert at a later age. The 

incidence of IM peaks around the age of 17 and then begins to decline, becoming extremely 

rare by age 40 (76, 77). In addition to age of primary infection, host determinants of immune 

control of EBV infection may determine an individual’s risk of developing IM. For example, 

an IL-10 promoter polymorphism and an overrepresentation of HLA-B-3501 among IM 

cases compared to controls have been reported (78). Studies of EBV primary infection have 

focused on adolescent patients with IM. The incubation of EBV infection before the 

appearance of symptoms is relatively long (approximately six weeks). EBV DNA can be 

detected in plasma within two weeks of the onset of symptoms and peak viral loads occur 

during this time (79). Subsequently, the cellular immune response clears lytically infected 

cells and viral loads decrease rapidly to low or even undetectable levels in the plasma or 

serum (80). IM is an acute, though typically self-limiting febrile illness characterized by 

fatigue, fever, cervical lymphadenopathy, hepatosplenomegaly, hepatitis, and pharyngitis 

(81). Laboratory findings in IM typically include leukocytosis, hypergammaglobulinemia, 

increased liver enzyme levels, and occasionally hyperbilirubinemia and hemolytic anemia 

(82). In most cases, IM lasts for a few weeks and affected individuals make a full recovery 

soon thereafter. However, sustained levels of EBV DNA are found in saliva for 

approximately six months after the onset of IM (83). Chronic active EBV infection 

(CAEBV) is a rare disorder that is characterized by high viral loads, recurrent IM-like 

symptoms, and an atypical pattern of EBV antibody responses (84); it is more common in 

Japan and East Asia and should be suspected in IM patients with symptoms that persist for 

more than three months (82). Fatalities from IM are rare; but when they occur, they are often 

accompanied by neurological manifestations of EBV infection. The incidence of 

neurological involvement in IM has been reported to range from 0.37–7.3% (85). In general, 

neurologic disorders associated with EBV primary infection are diagnosed by the 

coincidence of EBV seroconversion and the detection of EBV genome in the cerebrospinal 

fluid (CSF) with the presentation of neurologic symptoms (86).

Mechanisms of EBV-mediated CNS Disease

Among Burkitt’s earliest findings was that most patients with Burkitt’s lymphoma (21/25 in 

an early autopsy series) had tumors involving the brain or meninges (87). EBV is an 

important pathogen of the CNS and is associated with diverse diseases of the brain including 

viral encephalitis and CNS-lymphoma. However, the neuropathogenesis of EBV mediated 

CNS damage in general is incompletely understood. There are several mechanisms that may 

lead to damage of brain parenchyma in EBV encephalitis and other CNS disorders resulting 

from EBV infection and they are not mutually exclusive. First, direct lytic EBV infection of 

neurons has been suggested to be the source of neuronal damage and lytic gene expression 

(e.g. BZLF1), in the CNS during EBV encephalitis (59). It has been reported that EBV can 

be detected in neurons and glia in EBV encephalitis, albeit rarely (88). A murine model for 
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gammaherpesvirus in the brain using murine gammherpesvirus 68 shows widespread 

infection of glial and neuronal cells and may serve as a model for EBV infection of the brain 

(89) (90) (91). Second, it is possible that EBV infection of the endothelial cells of the 

neurovasculature may be the source of neurotoxicity in EBV where the release of viral 

proteins, inflammatory cytokines, free radicals, and excitatory amino acids from infected 

endothelial cells lead to neuronal damage (92). Third, lytically infected B cells that enter the 

brain may also cause inflammation and damage of local neurons, which is likely to be 

reversable once these cells are eliminated by the immune system. Inflammatory cytokines, 

including TNF-α, IL-1, and IL-6 are secreted by EBV infected B cells, are associated with 

many of the symptoms of IM, and are known to have detrimental effects in the CNS (93) 

(94). Fourth, T-cell responses mounted against CNS infiltrating infected B cells may lead to 

bystander damage of neuronal cells resulting in encephalitis and other CNS disorders 

associated with EBV infection. It has been demonstrated that EBV-reactive T-cells in the 

liver are pathogenic in hepatitis resulting from primary EBV infection and a similarly 

destructive T-cell response in the brain may contribute to EBV encephalitis (95) (96). 

Finally, molecular mimicry between EBV and autoantigens of the CNS has been postulated, 

though not proven, to play a role in autoimmune disorders associated with EBV infection. 

Molecular mimicry could potentially be involved in disorders associated with either lytic or 

latent infection (Figures 3 and 4).

EBV Aseptic Meningitis

The association between aseptic meningitis and IM has been long appreciated and probably 

underreported (86) (97) (98). Headaches are common during acute IM and are likely the 

result of mild aseptic meningitis. An early review of neurologic complications of IM found 

that 41% were associated with aseptic meningitis defined by headache, fever, and a stiff neck 

occurring in the context of the most common manifestations of IM (fever, fatigue, and 

lymphadenopathy) (98). Moreover, EBV is commonly found by PCR in patients with viral 

meningitis (99) (100). Fortunately, meningitis associated with IM is almost always self-

limiting and disabling sequela are uncommon (101). Because individuals with EBV aseptic 

meningitis have a generally good prognosis, the histopathology of the disease has not been 

well described.

EBV Encephalitis

EBV encephalitis is often difficult to diagnose because it shares many signs and symptoms 

with other forms of viral encephalitis, including headache, fever, confusion, seizures, and 

paresis. Moreover, non-specific focal features, diffuse slowing, and periodic 

Electroencephalography (EEG) complexes observed in EBV encephalitis resemble those 

observed in HSV encephalitis (102) (103). Recognition of EBV encephalitis is further 

confounded by the observation that while this disorder often occurs in tandem with other 

manifestations of IM, this is not always the case and EBV encephalitis can occur in the 

absence of systemic findings (104) (105) (106) (107) (108).

Again, death from EBV encephalitis is rare and, therefore, neuropathological findings are 

infrequently reported (86). Perivascular infiltrates as well as meningeal and diffuse 

parenchymal infiltrates consisting of lymphocytes, including EBV-infected B cells, and 
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microglia have been described (86) (109) (110) (111). MRI findings of EBV encephalitis are 

variable and can include normal parenchyma; edema of gray matter, basal ganglia, 

cerebellum, limbic cortex and thalamus; white matter involvement correlating with 

inflammatory findings, particularly in acute disseminated encephalomyelitis (ADEM); glial 

nodules; neuronophagia; and perivascular infiltrates (86) (105) (109). The CSF of patients 

with EBV encephalitis is typically remarkable for pleocytosis, mildly increased protein, 

atypical lymphocytes, and the presence of oligoclonal bands where antibodies to EBV viral 

capsid antigen (VCA) are frequently detected (105).

EBV has been implicated in Rasmussen’s encephalitis (RE), a rare (incidence of 1.8 per 10 

million) pediatric neurologic disorder of unknown etiology distinguished by focal epilepsy 

and progressive hemisphere atrophy leading to a rapid decline in cognitive function. Surgical 

intervention (usually a hemispherectomy) is required to prevent intractable epilepsy and 

severe deterioration of neurological function (112). Pathological characteristics observed in 

the brains of RE patients mainly include lymphocyte infiltration, neuron loss, vascular 

cuffing, and microgliosis, which are similar to those observed in viral encephalitis. Recent 

studies have demonstrated increased detection of EBV latency membrane protein 1 (LMP1) 

in RE brains compared to controls. Of interest, EBV was localized to RE lesion areas, 

implicating EBV in the pathogenesis of RE. Further, EBV and HHV-6 antigens were 

localized in neurons and astrocytes of RE brain and accompanied by a high frequency of 

CD8+ T-cells, suggesting that a robust CTL response to herpesviruses may be implicated in 

the pathophysiology of this aggressive form of encephalitis/epilepsy (113) (114).

Acute Disseminated Encephalomyelitis (ADEM)

In addition to meningitis and encephalitis, cranial nerve palsies, transverse myelitis 

cerebellitis, seizures, acute hemiplegia, and acute demyelinating encephalomyelitis (ADEM) 

have been associated with either IM or EBV reactivation(86). ADEM is a rare disorder (8 

per 1,000,000 per year) that is characterized by an abrupt onset of a demyelinating immune-

mediated attack on the brain and spinal cord that is driven by high serum IgG antibodies 

specific to myelin oligodendrocyte glycoprotein (MOG). The symptoms and 

pathophysiology of ADEM have similarities with that of multiple sclerosis (MS; discussed 

later in this chapter), but ADEM is distinguished by its appearance with rapid fever, its 

preponderance in children, its seasonality (more common in winter and spring), and its 

specific pattern of MRI abnormalities (115). ADEM is fatal in about 5% of cases, although 

most children and adolescents will make a full recovery within six months (116) (117) 

(118). Several viral infectious agents including influenza, dengue, measles, varicella zoster, 

Borrelia burgdorferi, and EBV have been associated with ADEM (119) (120). ADEM has 

been reported immediately after IM and after EBV reactivation associated with renal 

transplantation (121) (122) (123) (124). Cross-reactivity between EBV and myelin proteins, 

including MOG has been reported (125). Notably, anti-MOG antibodies have been detected 

in 20% of patients with IM due to primary EBV infection without neurological 

manifestations, suggesting that the induction of a MOG-specific autoantibody response as a 

consequence of EBV primary infection is not uncommon (126). While these findings 

implicate EBV infection as a potential trigger for anti-MOG antibody production, it is 

unclear if molecular mimicry between antibodies produced in response to EBV antigens and 
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MOG underlies this observation (127). Importantly, children who experience ADEM are 

more likely to develop MS and the percentage of these children who are ultimately 

diagnosed with MS ranges from 15–45% (128) (129) (130). A recent study of an Italian 

cohort of ADEM patients found that children with MRI lesions of the corpus callosum, 

whose CSF findings were remarkable for the presence of oligoclonal bands, and were EBV 

positive are more likely to go on to develop MS (127).

Alice in Wonderland Syndrome

An uncommon, though interesting neuropsychiatric syndrome that has been reported to 

occur in conjunction with IM is Alice in Wonderland syndrome This disorder is named after 

Lewis Carroll’s (née Charles Dodgson) novel that follows the main character, Alice, into a 

land of spatial distortions. It has been speculated that Dodgson’s own experiences with 

migraine headaches and, perhaps, epilepsy inspired some of the novel’s distinctive 

perspective (131). This syndrome is typically observed in teenagers, though it has been 

reported in children as young as six (132) (133). Usually coincident with or shortly 

following acute IM, these patients will have several episodes a day where they experience 

distortions in the orientation, shape, and size of objects in their environment (dysmetropsia), 

body image disturbance (aschematia), as well as the tendency for linear objects to appear 

curvy (metamorphosia) (134). Other neurologic findings are typically normal. Again, the 

illness is self-limiting and the duration of perception disorders ranges from one week to 

three months with, ultimately, good neurological outcomes (135) (136). In addition to 

coinciding with primary EBV infection, Alice in Wonderland syndrome has also been 

reported to occur in association with influenza H1N1, ADEM, and Lyme neuroborreliosis 

(137).

EBV and Peripheral Neuropathies

IM has been associated with several forms of peripheral neuropathy including 

radiculoplexopathy, myeloradiculitis, autonomic neuropathy, and Guillian-Barré syndrome 

(GBS) (86). In addition, EBV related T-cell lymphoproliferative disorders can affect 

peripheral nerves (138) (139). GBS is an autoimmune driven peripheral neuropathy that is a 

rare, but well-documented complication of IM (140) (141) (86). The condition is particularly 

dangerous when peripheral nerves of the autonomic nervous system are affected and can 

cause sudden disturbances in blood pressure and heart rate in addition to respiratory failure. 

The onset of GBS is typically preceded by an infection and several pathogens besides EBV, 

including Campylbacter jejuni, CMV (HHV-5), Zika virus, Chikungunya virus, Varicella 

zoster virus (HHV-3), have also been implicated (142) (143) (144, 145) (146).GBS is rare, 

affecting one per 100,000 per year; of those affected, approximately 7.5% will die (147). 

The disorder is either marked by demyelination, where damage to myelin sheaths is inflicted 

by T-cells and macrophages, or antibody-mediated axonal damage. Accordingly, 

immunotherapy, including plasmapheresis and intravenous immunoglobulins (IVIG) are 

standard treatment for GBS.
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CNS Disorders Associated with Latent EBV Infection

PCNSL

PCNSL is a primary intracranial tumor of B-cell origin that accounts for 1% of all 

lymphomas and 3–5% of primary brain tumors(148) (149) and is commonly, though not 

exclusively, observed in patients who are immunocompromised. The incidence of PCNSL 

has risen steadily over the last 20 years and is approximately 0.51 cases per 100,000 person-

years. HIV infection is the highest risk factor for PCNSL, which accounts for 15% of HIV-

associated lymphomas(150). PCNSL has a reported incidence of over 1000 times greater in 

the HIV positive population and the prognosis of PCNSL is better in non-HIV cases than in 

HIV-related cases(151) (152) (153). Although the advent of cART (combination 

antiretroviral therapy) has decreased the number of AIDS-related cases of PCNSLs(154), the 

mortality of CNS complications, including PCNSL, remains high in untreated HIV infected 

individuals and those unaware of their HIV status(155) (156) (149). In addition, it has been 

reported that the proportion of minority patients diagnosed with AIDS-related PCNSL has 

increased compared to the pre-cART era(157). EBV is associated with greater than 90% of 

PCNSLs in patients who are iatrogenically immunosuppressed and 100% of those who are 

infected with HIV(158). Moreover, the incidence of PCNSLs has been reported to be on the 

rise in the non-HIV infected population, and it has been suggested that EBV-associated 

PCNSLs in the elderly may be underreported(159) (160).

As with all masses in the central nervous system (CNS), the location of PCNSL lesions 

determines the clinical presentation. Signs and symptoms for PCNSLs include focal 

neurological deficits (aphasia, hemiparesis, and ataxia); neuropsychiatric symptoms; 

headache/nausea/vomiting suggestive of increased intracranial pressure; seizures; and ocular 

symptoms(161). Because of the depth of the tumor, PCNSLs are not typically amenable to 

surgical resection and the clinical outcomes of PCNSL and other EBV-associated 

malignancies that have metastasized to the CNS are poor. Most EBVPCNSL are 

characterized for the expression of EBV non-coding RNA EBERs as the gold standard for 

EBV positivity. Early reports indicate that EBV expresses a type III latency in PCNSL, 

similar to diffuse B-cell lymphoma, where most of the latency associated viral gene products 

are expressed (162) (163). Several inflammatory cytokines, chemoattractants, and adhesion 

molecules including macrophage inflammatory protein-3alpha (MIP-3alpha, CCL20), 

stromal cell-derived factor-1 (SDF-1; CXCL12), CXCR4 (SDF-1 receptor), CXCL9, 

secreted phosphoprotein 1 (SPP1; osteopontin), IL-4, IL4 stimulated genes, and myelin 

associated glycoprotein (MAG) have been demonstrated to be involved in the CNS tropism, 

migration, and proliferation of malignant B-cells in PCNSL(164) (165) (166) (167). 

Collectively, these factors are believed to contribute to perineural CNS invasion by 

increasing the neuroinvasive potential of malignant B cells and priming them to migrate into 

the CNS while stimulating the perivascular microenvironment to allow for CNS penetration 

and angiocentric positioning of these malignant cells(164) (165) (166) (167).

Median survival in AIDS patients with PCNSL is only 4 months with treatment and 2.5 

months without(168). Moreover, standard chemotherapeutic regimens for lymphomas, 

including CHOP (Cyclophosphamide, Hyroxydaunorubicin, Oncovin, and Prednisone) are 

Soldan and Lieberman Page 10

Drug Discov Today Dis Models. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ineffective in PCNSL, owing in part to poor penetration through the blood brain barrier. In 

PCNSL, treatment with irradiation and corticosteroids is relatively ineffective with tumor 

recurrence observed in greater than 90% of patients(168). The inclusion of intravenous 

rituximab, a monoclonal antibody-based therapy that targets the CD20 phosphoprotein 

expressed on the surface of B-cells, does not significantly improve treatment outcomes in 

PCNSL compared to CHOP alone(169). However, less than 1% of systemic rituximab 

penetrates the leptomeningeal space and a small, recent study suggests that intraventricular 

delivery of rituximab may overcome the difficulty of penetrating the blood brain barrier, 

enabling this drug to become a more attractive treatment modality for PCNSLs and 

underscoring the importance of adequate CNS penetrance in treating this disorder and other 

disorders of the CNS, like MS, where B-cell depletion has therapeutic benefit (156) (170).

Multiple Sclerosis

MS is the most prevalent demyelinating disease of the central nervous system (CNS) and the 

most common disabling neurologic disease of young people, affecting an estimated 

1,000,000 in the United states and 4–4.5 million people worldwide (171) (172). It is a 

chronic and incurable disease that significantly detracts from an individual’s quality of life 

(173) (174). A diverse array of neurological signs and symptoms are associated with MS. 

These include limb weakness, impaired motor function, sensory symptoms, visual 

symptoms, eye movement disorders, bladder symptoms, sexual dysfunction, fatigue, ataxia, 

deafness, spasticity, dementia, and cognitive impairment (175). The life expectancy of a 

patient with MS is 5–10 years lower than that of the general population (176).

Although the clinical progression of MS is variable and unpredictable, several disease 

phenotypes have been described; it is critical to distinguish disease phenotypes for both 

prognosis and decisions regarding treatment strategies. There are four distinct clinical 

courses in which the majority of MS patients can be classified: relapsing-remitting MS 

(RRMS); secondary-progressive MS (SPMS); primary-progressive MS (PPMS); and 

progressive-relapsing MS (PRMS)(177) (178). About 80% of people with MS are initially 

diagnosed with relapsing-remitting MS (RRMS); this disease phenotype is characterized by 

disease exacerbations where new symptoms appear or existing symptoms become more 

severe (171). In RRMS, disease exacerbations last for variable amounts of time and are 

followed by periods of total or partial recovery. Approximately 65% of individuals who are 

initially diagnosed with RRMS will develop secondary-progressive MS (SPMS) 

characterized by the accumulation of progressive disability with or without superimposed 

relapses. On average, the time between disease onset and conversion from RRMS to SPMS 

occurs in 19 years (179).

The etiology of MS is unknown. In part, this is owing to the variability of this disease, 

suggesting that many determinants many be involved in the range of clinical phenotypes that 

are defined as MS. The prevailing view of the etiology of MS is that it is multifactorial and 

that genetics and environmental factors contribute collectively to MS susceptibility (180). 

Over the years, several genes, most of which are associated with immune function, myelin 

structure, or mitochondria have been tentatively associated with an increased risk of MS 

(181). (182) (183) (184). Many of these associations have not been demonstrated 
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consistently in different studies. However, a strong association between MS and the major 

histocompatibility complex (MHC) was first identified in the 1970s (185). Specifically, an 

increased risk of MS in individuals with MHC class II alleles DR2 and DQw1 has been 

found consistently in several populations (186); in the preponderance of these studies the 

primary risk allele for MS is HLA-DRB1*15:01 (187). Carriers of HLA-DRB1*1501 have 

up to a four-fold increased risk of MS (188). Additional high-risk MHC and non-MHC loci 

have been identified (189) (190) (191) (192) (193). Interestingly, the majority of the loci 

associated with MS risk have known immunologic functions and many contribute to the risk 

of inheriting other autoimmune diseases (194).

Several lines of evidence support a role for viruses as a key environmental component or, 

perhaps, a trigger in the etiology of MS. (195) Although a number of infectious agents have 

been associated with MS, none of these viruses have been firmly determined to be the 

exclusive causative agent. Additionally, mechanism(s) by which virus-host interactions may 

lead to demyelination are complex, diverse, and incompletely understood (195). Arguably no 

other candidate infectious agent matches the epidemiology, risk profile, and pathobiology of 

MS as well as Epstein-Barr virus (EBV) (195). A history of infectious mononucleosis is 

more common in MS patients and in areas where MS is prevalent and there are high 

standards of hygiene (196). The overlapping epidemiology of infectious mononucleosis and 

MS is consistent with the “hygiene hypothesis”, which suggests that decreased exposure to 

childhood infections predisposes individuals to proinflammatory or autoimmune responses 

and increases MS risk and may explain the lower incidence of MS in areas where there is an 

increased prevalence of childhood infections (197) (198). The “hygiene hypothesis” suggests 

that either 1) MS and infectious mononucleosis arise independently as a consequence of 

living in conditions of high hygiene in childhood or 2) high hygiene in childhood delays 

exposure to EBV infection, which subsequently results in an increased risk of MS (199).

An association between EBV and MS is supported by numerous studies demonstrating: MS 

patients have higher EBV-specific antibody titers against EBNA proteins (EBNA1, EBNA2, 

EBNA3, EBNA3A, EBNA3B, EBNA3C, EBNA 4, and EBNA6) LMP1, capsid protein 

VP26, VCA, and the lytic protein BBRF2; increased antibody titers have been observed 15–

20 years before onset of neurological symptoms; the presence of EBV infection in brain-

infiltrating B cells and plasma cells of 95% of autopsy cases examined; a history of 

infectious mononucleosis is more common in MS patients and in areas where MS is 

prevalent; and a reduced risk of MS among individuals who are EBV seronegative, which 

increases sharply if the same individuals seroconvert (200) (201) (196) (202) (203) (204) 

(205) (206). In addition, the absence of EBV infection correlates with a much lower risk 

disease risk in MS (207). EBV-infected B cells and plasma cells have been reported to 

accumulate in the brains of MS patients, suggesting that neuroinvasion of EBV+ B cells may 

contribute to the MS pathogenesis (208). Although some studies have not replicated these 

findings (209, 210). B cells and plasma cells that appear in chronic MS lesions do so in large 

numbers and are present in areas of demyelination(211). In a detailed study of 17 MS and 9 

control brains, EBV LMP1 was found in 93% of MS and 78% of control brains (212). 

However, EBV lytic gene expression (BZLF1) was only observed in chronic MS lesions 

(46%). EBER-positive cells were common in MS tissue, but rarely found in non-MS brains 

(212).
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In addition to epidemiologic consistency between the risk of MS and the acquisition of EBV 

infection, a preponderance of laboratory studies have provided additional support for a role 

of EBV in both adult and pediatric-onset MS (199). Of interest, it has been demonstrated 

that there is an increased seroprevalence of EBV for an increased rate of remote EBV 

infection in patients with pediatric MS compared with controls (213) (214) (215) (216). 

Moreover, among seropositive children tested for EBV DNA in saliva, increased oral 

shedding was found for EBV, but not for other herpesviruses, in pediatric MS patients 

compared with controls. EBV strain variation may also contribute to risk of MS. Of the virus 

detected in the saliva of these pediatric patients, it was found that type I strain of EBV was 

detected more frequently than type II, which may reflect the more frequent distribution of 

type I worldwide, with the exception of Africa and Papua New Guinea where the 

distribution of the two types appears to be equal (217) (215) (218). It has been suggested 

that a disruption in the normal sequence of common viral infections, owing to a late primary 

infection by EBV, may lead to immune dysregulation and ultimately MS in genetically 

susceptible individuals. Higher frequencies of CD4+ T cells specific for EBNA1 and 

enhanced IFN-γ production have been demonstrated in MS patients relative to healthy, 

seropositive individuals (219). In a prospective study following children ADEM, remote 

EBV infection (defined by the presence of anti-EBNA1 and anti-VCA IgG antibodies) was 

found to be more common in children with MS than those with monophasic ADEM (220). 

By contrast, CMV infection was more common in children with monophasic ADEM (220). 

This study suggests that children with evidence of remote EBV infection without CMV 

infection were at highest risk of subsequent MS diagnosis and may support previous reports 

demonstrating a protective role for CMV infection in MS (221) (222).

Because there is limited access to brain tissue, studies on CNS immune responses in MS 

patients typically focus on CSF samples. The presence of EBV and HHV-6 reactive OCBs in 

MS CSF has been reported (223) in some studies, but not others (210). In addition, Pfuhl, et 

al. have correlated the presence of serum antibodies to EBNA1, but not to EBV viral capsid 

antigen, rubella, or varicella zoster virus, with an elevated intrathecal IgGs in patients with 

early MS (224), suggesting that EBV infection has a key role in early events in the 

pathogenesis of MS. In addition to elevated EBV-specific antibodies in the CSF, the 

presence of CTLs recognizing EBV lytic proteins in the CSF of MS patients was reported 

(225) complementing earlier studies demonstrating high EBV EBNA1 specific CTLs in MS 

patients, particularly at the onset of disease (226).

Although EBV is a leading candidate infectious agent for multiple sclerosis (MS) and the 

increased risk of MS among individuals who have been infected with EBV is increasingly 

well-accepted, the mechanism by which EBV may either cause or contribute to the 

pathogenesis of MS has not been established (Figure 4). Several possible hypotheses have 

been proposed including molecular mimicry, bystander damage, and deficient immune 

control of EBV infection. The molecular mimicry hypothesis suggests that immune cells 

specific for EBV antigens, like EBNA1, are cross-reactive for CNS antigens, like myelin 

basic protein or αB-crystallin, which is induced by B-cells upon EBV infection, leading to a 

promiscuous TCR that recognizes more than one peptide, ultimately leading to immune cell 

mediated damage in the CNS(202) (227) (125) (228) (229) (230) (229). Anti-EBNA1 

antibodies have been shown to cross-react with epitopes of neuroglial cells as well as 
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transadolase, a protein expressed by oligodendrocytes (231) (232) (233). Bystander damage 

in the CNS may occur as T-cells target infected B-cells in the brain. In this case, secondary 

autoimmune responses could manifest as T cells are sensitized to CNS antigens released 

after bystander damage focused on EBV infected B cells occurs (202). It has also been 

suggested that deficient CTL control of EBV infected B-cells in MS may be involved in the 

pathogenesis of MS (234); this theory is supported by increased spontaneous 

immortalization of EBV infected B-cells of MS patients in culture (235). In humanized 

mice, it has been shown that adoptive transfer of EBV specific CD8+ T-cell clones are 

capable of transiently controlling infection (236). Alternatively, proinflammatory B cells 

may contribute directly to the neuropathogenesis of MS (237). The recent success of B cell 

depletion therapies (reviewed below) supports an important role for B cells in the 

pathogenesis of MS. Whether EBNA1 or other EBV genes play direct roles in driving this 

inflammatory B cell cascade in MS is unknown. Some novel hypotheses for the direct 

involvement of EBV genes in MS disease pathogenesis have been proposed (238) (239). It 

has been suggested that exosomes released from EBV-infected B cells contain viral 

miRNAs, viral transactivators, and inflammatory cytokines that may contribute to virus 

mediated damage in the CNS (238) (Figure 4). In addition, EBERs may contribute directly 

to the inflammatory milieu of the MS lesion by inducing IFN-α and other components of the 

innate immune system (239).

Recent studies may point to a more specific, immunopathogenic role for the interaction 

between EBV and HLA molecules, both class I and class II, in the pathogenesis of MS 

(240). EBV viral loads have been reported to be higher in HLAA*02−/B*07+/DRB1*15+ 

MS patients vs patients HLA-A*A02+/B*07−/DRB1*15, suggesting an important influence 

of HLA-class I alleles as well (241). Other reports have shown that HLA-B*07 is associated 

with higher EBV Early Antigen antibodies, higher disability scores, and more active MRI 

findings in MS patients (242). Individuals with increased EBNA1 IgG levels, presence of 

DRB1*15 and absence of A*02 have a 16-fold risk increase for MS, indicating that EBV 

and both MHC class I and class II genotypes collectively influence an individual’s 

susceptibility to MS (240).

While some studies have demonstrated that the CD8+ T-cell response to EBV infected B 

cells is deficient in MS and decreases with age (243), others have reported increased EBV-

specific CD8+ responses in MS. Studies using HLA class I pentamers have shown that lytic 

antigen-specific CD8+ T cell responses are detected in fewer inactive MS patients than in 

active MS patients and controls, while the frequency of CD8+ T cells specific for EBV lytic 

and latent antigens is higher in both active and inactive MS patients (227). In addition, 

analysis of post-mortem MS brain samples showed expression of the EBV lytic protein 

BZLF1 and interactions between cytotoxic CD8+ T cells and EBV lytically infected plasma 

cells in inflammatory white matter lesions and meninges (227). The authors suggest that that 

inability to control EBV infection during inactive MS could set the stage for intracerebral 

viral reactivation and disease relapse (227). A large study comprising 221 MS patients and 

218 control subjects from Switzerland used HLA-A2, HLA-B7, and HLA-B8 restricted 

EBV and CMV specific tetramers to determine the percentage of EBV specific CD8+ T-cells 

(244). This study determined that there is a higher prevalence of MS patients with HLA 

HLA-B*0702/EBVRPP-specific CD8+ T cells ex vivo. However, the magnitude of the HLA-
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B*0702/EBVRPP-specific CD8+ T cell response was lower in MS patients. Upon stimulation 

with HLA-B7/EBVRPP peptide, MS patients had decreased CD8+ cytotoxic activity 

compared to controls (244). Pender and colleagues recently described an impaired CD8+ 

response to EBV, but not CMV lytic antigens in MS at the onset of disease and at all 

subsequent disease states. Although the frequency of EBV specific CD8+ cells in MS is 

relatively high, they have reduced cytokine functionality, suggesting that EBV-specific T-cell 

exhaustion frequently occurs in MS (234). Interestingly, a phase I clinical trial indicated that 

primary progressive MS patients saw clinical improvement after autologous EBV-specific -T 

cell therapy targeting EBNA1, LMP1 and LMP2a (245).

It has been suggested, though not conclusively demonstrated, that specific strains of EBV 

may be associated with MS (246) (247) (248). EBV gene products have the potential play 

important roles in MS disease pathogenesis. Latency proteins EBNA1, EBNA1, EBNA2, 

LMP1, and LMP2, in particular, merit additional consideration. As discussed above, EBNA1 

aberrant immune responses to EBNA1 are common in MS. The role of EBNA1 in promoting 

cell survival, driving latency, and maintaining the viral genome suggests the possibility that 

EBNA1 could affect viral and host gene expression and influence latency programs and the 

migration of inflammatory B cells in MS (249). Moreover, EBNA1 is required for EBV 

latency and transcription of viral genes, such as EBNA2 involved in B cell transformation 

(250). Recent genetic studies have found that disease-risk alleles associated with MS and 

other autoimmune disorders are enriched for transcription control by EBV latency proteins, 

especially EBNA2 (251) (252). MS risk genes whose expression is altered by EBV 

expression have been identified; many of these changes affected the signaling pathway of 

EBV membrane proteins LMP1 and LMP2 (252). A better understanding of latency 

phenotypes and the interplay of virus and host genes in the context of CNS inflammation 

will elucidate the role of EBV in the etiology and neuropathogenesis in MS.

Treatment of EBV in the CNS

Treatment strategies of EBV in the CNS may target either the virus or host cells involved in 

the pathogenesis of EBV-associated disorders. B-cell depletion strategies, initially developed 

for lymphomas of the periphery, have shown great promise in the treatment of MS; the 

success of these therapies coupled with favorable risk-benefit ratios has opened exciting new 

avenues for treatment modalities in MS and validated the pathogenic role of B-cells, 

including those latently infected with EBV(253). After the initial success of Rituximab (anti-

CD 20), additional anti-CD 20 monoclonals, including ofatumumab and ocrelizumab have 

been implemented in the treatment of RRMS and PRMS, respectively (254). Additional 

immune cell targeting therapies, including the purine analog cladribine, which was initially 

developed for B-cell chronic lymphocytic leukemia and reduces the population of CD19+ B-

cells, have been implemented in MS with good clinical outcomes (255). The benefit of these 

immunomodulatory therapies is derived from the combined effects of the elimination of 

pathogenic (cancerous or, in the case of MS, immunopathogenic) B cells and the subsequent 

reconstitution with healthy B-cells. It is unclear if these benefits are also derived from the 

effect of these drugs on latent EBV within these CD20+ or CD19+ populations. Early 

studies demonstrating the clinical benefit derived from adaptive transfer of autologous EBV-

specific T cells further supports the pathogenic role of EBV+ B-cells in the pathogenesis of 
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MS and suggest that therapies targeting EBV infection in the periphery or CNS may have 

desirable therapeutic benefit (245).

In addition to targeting pathogenic lymphocytes, therapies that target EBV lytic or latent 

infection may be beneficial in the protean CNS disorders associated with EBV infection. 

Valganciclovir, a prodrug for the 2’-deoxy-guanosine analog ganciclovir developed to treat 

CMV infection, has shown promise in reducing viral loads in IM (256) and in the treatment 

of EBV encephalitis (101), indicating that antiviral agents targeting EBV lytic infection or 

reactivation may indeed have therapeutic benefit. However, no selective antiviral approaches 

to treat PCNSL or other disorders associated with latent EBV infection of the CNS are 

available. Histone deacetylase inhibitors that induce gene expression in latent EBV infection 

and sensitize lymphoma cells to antiviral agents are under development for the treatment of 

EBV associated malignancies and proliferative disorders and may have future applications in 

EBV-associated CNS and autoimmune disorders (NCT03397706). In addition, small-

molecule inhibitors that target EBV latent infection may have potential therapeutic value and 

several different approaches are under development (257) (258) (259). We and others have 

developed small molecules that target EBNA1 to selectively inhibit the proliferation of 

latently infected tumor cells (257) (258, 259). A first-in-human clinical trial using this 

EBNA1 inhibitor is underway (NCT03682055). Further adaptation of these inhibitors for 

better CNS penetrance may increase their potential for use in PCNSL, MS, and other EBV-

associated disorders of the CNS. As discussed above, EBV-specific adoptive T-cell 

therapies, modified CTLs, and NK, NKT, and Vγ9Vδ2 T cells in combination are also 

under investigation for various EBV-associated cancers. Currently, EBV-specific CTL 

therapies are being adapted and tested in phase I clinical trials for treating RRMS 

(NCT03283826) (245) (212) (260) (261) (262). These therapies exploit allogenic T-cell 

libraries comprising EBV-specific T cells characterized across known HLA restrictions. 

Finally, the development of vaccine strategies to prophylactically prevent primary EBV 

infection and to prevent reactivation-associated diseases are under development. An EBV 

vaccine that eliminates or reduces the latent reservoir of EBV would likely reduce the risk of 

EBV-associated disease (263). Currently, several vaccines are under development and a 

second-generation candidate targeting the EBV receptor binding site, gp350/220, is entering 

first-in-human trials (264).
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Figure 1. 
EBV-encoded small RNA in situ hybridization EBER ISH in a murine xenograft model of 

EBV-associated lymphoma (40X).
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Figure 2. 
Consequences of EBV Infection over the human lifespan
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Figure 3. 
Mechanisms of EBV neuroinvasion and virus mediated damage in the CNS. EBV may enter 

the brain via normal B cell trafficking or through infection of brain microvasculature 

endothelial cells (BMVEC). Either endothelial cells of the neurovasculature or infected B 

cells may be the source of neurotoxicity through the release of inflammatory cytokines and 

viral proteins. In addition, T-cell mediated responses to infected cells in the brain may lead 

to bystander damage. Alternatively, molecular mimicry, where similarities between EBV and 

host-peptides results in the cross-activation of autoreactive T or B cells may be involved in 

the neuropathogenesis of EBV-associated disorders of the CNS.A less favored hypothesis 

suggests that EBV infection of neurons and lytic gene expression leads to neuronal damage.
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Figure 4. 
Possible mechanisms for EBV as an etiologic or disease-modifying agent in multiple 

sclerosis. Several possible hypotheses have been proposed for EBV as a mediator of CNS 

damage and disease in MS and it is likely that the interplay between host and viral 

determinants are involved. Viral determinants may include: 1. the EBV latency proteins 

EBNA1, the master regulator of EBV latency and an important pro-survival factor, and 

EBNA2, which is involved in B-cell transformation and exerts transcriptional control of 

HLA disease-risk alleles associated with MS and other autoimmune disorders; 2. the EBV 

lytic protein, BZLF2, which also interacts with MHC2 and may influence the 

immunopathogenesis of MS; 3. the latency protein LMP1 that increases expression of 

proinflammatory cytokines; 7. exosomes released from EBV-infected B cells in the brain 

containing viral miRNAs, viral transactivators, and inflammatory cytokines that may 

contribute to virus mediated damage in the CNS; and 8. EBERs that may contribute directly 

to the inflammatory milieu of the MS lesion by inducing IFN-a and other components of the 

innate immune system. Host determinants involved in EBV-associated CNS damage may 

include: 2. Susceptible HLA alleles; 3. Poor CTL control of EBV infection that results in the 

persistence of inflammatory B cells with increased trafficking to the CNS; 4. molecular 

mimicry and 5. bystander damage that results from T cell targeting of EBV infection in the 

CNS and 6. damage from inflammatory B cells present in the brain
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