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Genetic and environmental factors jointly determine the susceptibility to develop multiple sclerosis (MS). Improvements in the design of epidemiological studies have helped to identify consistent environmental risk associations such as the increased susceptibility for MS following Epstein–Barr virus (EBV) infection, while biological mechanisms that drive the association between EBV and MS remain incompletely understood. An increased and broadened repertoire of antibody and T-cell immune responses to EBV-encoded antigens, especially to the dominant CD4+ T-cell EBV nuclear antigen 1 (EBNA1), is consistently observed in patients with MS, indicating that protective EBV-specific immune responses are deregulated in MS and potentially contribute to disease development. Exploitation of B-cell trajectories by EBV infection might promote survival of autoreactive B-cell species and proinflammatory B:T-cell interactions. In this review article, we illustrate evidence for a causal role of EBV infection in MS, discuss how EBV-targeting adaptive immune responses potentially modulate disease susceptibility and progression, and provide future perspectives on how novel model systems could be utilized to better define the role of EBV and viral pathogens in MS. Insights gained from these studies might facilitate the development of prevention strategies and more effective treatments for MS.
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Introduction

Multiple sclerosis (MS), afflicting more than 2.5 million people worldwide, is the most common chronic inflammatory, demyelinating disease of the central nervous system (CNS) (1). The disease occurs in young people with a complex predisposing genetic background and is likely to be triggered by an inciting environmental insult. Evidence from both experimental and clinical observations suggests that an autoimmune dysregulation of the adaptive immune system is at the core of MS. This is supported by genome-wide association studies, which revealed multiple associations with immune-system-related gene variants, most importantly the HLA-DR15 haplotype (2) as well as focal MS lesions being thought to be elicited by the infiltration of immune cells, including T cells, B cells, and myeloid cells, into the CNS parenchyma (3). Additionally, T and B cells isolated from CNS lesional tissue and the cerebrospinal fluid (CSF) of MS patients have been found to be largely derived from clonal expansion (4, 5); intrathecally produced oligoclonal antibodies present in the CSF show evidence for antigen-dependent affinity maturation (6), and a variety of immunotherapies targeting lymphocyte survival, function, or migration have been shown to be beneficial in treating MS (7). Lastly, the experimental animal model most closely mimicking MS, collectively termed experimental autoimmune encephalomyelitis (EAE), is largely driven by autoimmune T cells (8).

Infections have long been suspected as one of the culprits in the development of MS. While epidemiological data increasingly support this connection, immunological and virological evidence remains inconclusive. As a result, a wide range of potential pathogens has been investigated as possible triggers for MS, including measles, rabies, herpes simplex, herpes zoster, human herpesvirus, rubella, mumps, scrapie-like agents, paramyxoviruses, coronaviruses, canine distemper, Marek’s Semliki forest virus, various animal and human retroviruses, human T-cell leukemia virus type I, and Epstein–Barr virus (9). Almost universally, close examination of these candidates failed to verify a clear association, resulting in the notion that the postulates of Koch have to be met unequivocally to establish a clear pathogenic role of an infectious agent in MS. Yet, during the past 20 years, high-quality epidemiological, serological, and immunological studies in large cohorts of clinically well-defined patients and appropriate controls consistently report a strong association of Epstein–Barr virus (EBV) infection and immune responses to EBV with the development of MS.





EBV life cycle and associated diseases

The Epstein–Barr virus (EBV) is a globally prevalent virus, which, despite its often harmless initial infection, can have lifelong effects and is associated with a variety of serious diseases like cancer and autoimmune diseases. EBV was discovered in 1964 in Burkitt lymphoma (BL) as the first human tumor virus (10), and since then, EBV has been found in a variety of other tumor types (11–13). As a member of the γ-herpesvirus family, EBV establishes a lifelong latent infection with periodic reactivation, enabling efficient transmission to new susceptible individuals (14–16). Consequently, more than 90% of the world’s population is infected with the virus. Primary infection is often asymptomatic and occurs at a young age (17). However, infection during teenage years or young adulthood can lead to infectious mononucleosis (IM), characterized by symptoms such as fever, severe fatigue, swollen lymph nodes, and sore throat (18, 19). EBV is primarily transmitted via saliva (20) and infects human B cells and epithelial cells in the oropharynx (21, 22). In both cell types, the virus can replicate efficiently and shuttle mainly between these cell types (23). Oral replication leads to a high viral load during the lytic phase, characterized by a marked increase in CD8+ T cells, which are crucial for eliminating infected cells, with support from CD4+ T cells and NK cells (24–26) (Figure 1). EBV then enters its first latent stage and spreads by inducing B-cell proliferation. During the viral gene expression program known as latency III, all latency proteins of the virus are produced. This results in the activation, proliferation, and resistance to cell death of latency III-infected B cells (27–29). A robust T-cell response targets latency III-infected cells, which decrease in number much more rapidly than cells infected in the lytic phase (30). Following the latency III phase, the expression of latent proteins is reduced to EBNA1, LMP1, and LMP2 upon entry into the germinal center reaction (28). This transition to latency II likely supports the survival of EBV-infected B cells within the germinal center reaction and enables access to the memory B-cell pool where EBV remains without viral protein expression, representing latency 0 (31, 32). During homeostatic proliferation, only EBNA1 is expressed, a state known as latency I (16). EBV-infected memory cells can recirculate from the blood into lymphoid organs, and the lytic cycle can be periodically reactivated. The exact triggers for this reactivation are not yet fully understood, but it is believed that stimulation of the B-cell receptor by a cognate antigen may play a role in initiating this process (33, 34).




Figure 1 | EBV life cycle. The life cycle of EBV can be divided into the lytic and latent phases. EBV infects epithelial and B cells in the oropharynx, leading to a high viral load. During the latent phase, EBV spreads by promoting B-cell proliferation while expressing all latency antigens (latency III). In the germinal center reaction, the expression of latency antigens is downregulated to EBNA1, LMP1, and LMP2 (latency II). B cells develop into centroblasts and then centrocytes. Centrocytes leave the germinal center, differentiate into memory B cells, and circulate in the peripheral blood (latency I). Some transition to a stage known as latency 0, where no EBV antigen expression occurs. The EBV-infected memory B cells serve as a reservoir for the virus and can differentiate into plasma cells. EBV occasionally reactivates and re-enters the lytic cycle. Created with BioRender.com.







Association of infectious mononucleosis with MS susceptibility

A connection between EBV and MS was first suspected over 40 years ago when researchers found that antibodies against the EBV capsid antigen (VCA) were significantly elevated in individuals with MS compared to healthy controls (35). Since then, growing evidence has reinforced the idea that EBV infection is linked to a higher risk of developing MS (36–39). Moreover, the risk of MS is two- to three-fold higher among individuals with a history of infectious mononucleosis (IM), a symptomatic primary infection with EBV (40). Both MS and IM are rare in populations, where infections occur at an early age, following a latitude gradient. Primary infections with EBV in adolescence or adulthood are more common in countries with higher socioeconomic status and hygiene standards (41). Additionally, the prevalence and incidence rates of MS are higher in developing countries. These observations led to the assumption that a late infection with EBV, which is often characterized with IM, could be an important risk factor for MS. However, it has been hypothesized that IM and MS are not causally related but may share the same etiology: high level of hygiene during childhood could be a common factor contributing to both IM and MS. This hypothesis is based on the assumption that high hygiene standards may increase the susceptibility to autoimmune diseases (37). However, several studies challenge this notion by suggesting a direct link between MS and EBV infection. The hygiene hypothesis posits that individuals who lack EBV infection and were subjected to high sanitary standards and limited infections during early life may have an elevated risk of developing MS. Indeed, according to a model from Loosen 2022 that takes into account the link between EBV infection and MS, the risk of MS is highest in people who first became infected with EBV in adolescence or later in life and is in the medium range in people who became infected in early childhood (40). However, the noteworthy discovery is that the probability of developing MS is almost negligible in people who have not been infected with EBV (40). This strongly suggests a causal relationship between IM and MS. In other studies, a similar observation has been reported (39), but the mechanisms by which EBV and specifically IM contribute to an increased risk of MS are not yet fully understood. It is speculated that the intense immune activation during IM (unlike asymptomatic EBV infection) may result in enhanced priming of self-reactive immune cells by molecular mimicry and bystander activation (42). Self-reactive cells could promote local inflammation and induce damage in brain tissue such as central neurons and their myelin sheaths (43, 44). Consequently, this increased activation during IM could potentially elevate the risk of developing MS.





Serological studies

The potential link between EBV and the development of MS has been under suspicion for an extended period (38, 45, 46). However, despite numerous epidemiologic studies identifying EBV as a potential etiologic risk factor (47–50), establishing causality has proven challenging. This difficulty arises from the challenge of determining whether individuals who develop MS after EBV infection would have developed MS without prior infection. The task is further complicated by the fact that more than 90% of the global adult population is EBV seropositive, but the majority do not develop MS (51, 52). Secondly, the long interval between the biologically measurable onset of the disease and its clinical manifestation adds another layer of complexity to this determination.

Remarkably, longitudinal studies analyzing serum samples obtained from healthy adults before the manifestation of MS have revealed a significant elevation in EBV antibodies several years before the initial onset of MS symptoms (47, 48). Notably, the most robust association was identified with EBNA1-specific and EBNA2-specific IgG (49), suggesting a potential link between elevated antibody levels and the subsequent development of MS (50). The increase in EBNA1 antibody titers was not only detected in blood samples but was also seen in the CSF of a large proportion of MS patients and could therefore potentially contribute to MS pathology (53). IgG1 was identified as the most frequently detected isotype, contributing to enhanced humoral immunity (54). A recent study from 2022 by Bjornevik et al. provided the clearest epidemiological evidence to date that EBV infection is a prerequisite for the development of MS. In this study, they identified MS cases in a cohort from more than 10 million active US army personnel between 1993 and 2013 (39). A total of 801 individuals who developed MS during active duty and 1,566 controls were included in the study. Three blood samples collected prior to the onset of MS were available for serum analysis and to assess the EBV infection status. As a result, the study revealed a 32% increase in the risk of developing MS following EBV infection. Initially, 35 of the current MS patients tested negative for EBV at the baseline sample collection, but all, except for one, subsequently became infected with EBV and underwent seroconversion before the onset of the disease. Still, for this isolated case, it cannot be excluded that an EBV infection occurred after the last blood collection (3 months before disease onset), the individual did not undergo seroconversion in response to the infection, or there might have been a possibility of misdiagnosis. An infection with the cytomegalovirus, another herpes virus family member (55) with infectious epidemiology similar to that of EBV (56–58), did not result in an increased risk of MS even after seroconversion (39). This finding further strengthens the selective association between EBV and MS. Neurofilament light chain (sNfL), a biomarker of ongoing neuroaxonal degeneration (59), but not disease-specific, was employed to elucidate the temporal relation between EBV infection and MS. The levels of sNfL increased after EBV infection in individuals who later developed MS, but there was no corresponding increase after infection in the control group. Before EBV infection and around the time of infection, the sNfL levels of MS patients did not differ from those observed in the control group. In another study conducted in 2015 using samples from U.S. military personnel, it was further demonstrated that individuals with higher anti-EBNA antibody titers (≥320) were 36 times more likely to develop MS compared to those with a titer of less than 20 (47). These titers can therefore represent the first reliable serological biomarkers for the risk of MS together with sNfL levels. Bjornevik et al. further used an unbiased assay (VirScan) to analyze antibody responses to a broad range of human viruses and found that only the response to EBV was significantly elevated in MS patients compared to controls (39). Moreover, Cortese et al. observed that while MS patients display a stronger overall immune response to the EBV peptidome, they recognized the same EBV epitopes as controls. However, the antibody response to EBNA1 turned out to be the strongest serologic risk factor (60). This reinforces the assumption of a specific interaction between EBV and MS that is distinct from other viral diseases (39).





Deregulated EBV-specific T-cell immunity in MS

The initiation of EBV-specific immune control is probably mediated by dendritic cells presenting EBV antigens from infected B cells, and then it centers around strong memory CD4+ and CD8+ T-cell responses, whereby the CD4+ T cells maintain EBV-specific Th1 immunity, and both CD4+ and CD8+ T cells target EBV-infected cells directly (61). CD8+ T cells expand dramatically during acute infection, with up to 25% to 50% of all CD8+ T cells being directed against individual EBV lytic antigens in certain patients with the symptomatic primary EBV infection IM. During persistent EBV infection, both lytic and latent EBV antigen-specific CD8+ T cells can be maintained at frequencies of up to 1% to 5% of peripheral blood CD8+ T cells. CD4+ T cells are thought to orchestrate virus-specific immune responses and are crucial for the priming and maintenance of CD8+ T cells (61). The functional differentiation of virus-specific CD4+ T cells is crucial for efficient humoral or cell-mediated immune responses. Th1 responses, which are characterized by the secretion of the antiviral cytokine gamma interferon, are more protective against viral infections and support the generation of virus-specific CD8+ T cells, which are the effectors of cell-mediated adaptive immunity (62). Even during primary infection in IM patients, EBV-specific CD4+ T cells never reach the high frequencies of EBV-specific CD8+ T cells in peripheral blood (63). Virus-specific CD4+ T cells reach only 1/10 of the frequency of their EBV-specific CD8+ T-cell counterparts during primary and persistent infection, and it has become evident that CD4+ T cells target a different set of latent EBV antigens than CD8+ T cells (64). An increased risk of MS is associated with human leukocyte antigen (HLA)-DRB1*15:01, thereby implicating CD4+ T cells as potent effectors in the disease.

EBNA1 was shown to be consistently recognized by CD4+ T cells of healthy EBV carriers and evoked responses more frequently than any other latent EBV antigen. EBNA1-specific CD4+ T cells are Th1 in function and are considered to be a crucial component of EBV-specific immune control. The characteristic glycine-alanine repeat of EBNA1 inhibits its proteasomal degradation (65) but does allow MHC class II loading via autophagy-mediated pathways and the recognition of EBNA1-expressing targets (Figure 2) (66). EBNA1 is therefore the only EBV antigen consistently expressed in proliferating cells with latent EBV infection in healthy virus carriers and represents a key target antigen for CD4+ T-cell-mediated immune control mechanisms of EBV infection in healthy individuals. MS patients show increased responses and levels of activated HLA-DR-restricted CD4+ T cells that are specific for EBNA1. The enhanced response to EBNA1 is mediated by an expanded reservoir of EBNA1-specific central memory CD4+ Th1 precursors and Th1 polarized effector memory cells. Moreover, the CD4+ Th1 phenotype cross-reacts with myelin autoantigens and produces IFN-γ (54). It can be speculated that these autoreactive T helper cells could potentially activate autoreactive B cells, leading to the production of autoantibodies.




Figure 2 | Autophagy-associated EBNA1 presentation pathway. EBNA1 is a nuclear antigen presented on MHC class II molecules. Its presentation on MHC class I is inhibited by blocking proteasome-dependent protein degradation. Intracellular antigens like EBNA1 can be processed via autophagy, allowing them to enter the pathway for endogenous MHC class II presentation. Lysosomal proteases degrade EBNA1, and in the MHC class II-loading compartments (MIICs), antigen peptides are loaded onto MHC class II molecules. This process is facilitated by the peptide-loading chaperone HLA-DM, which promotes the exchange of peptides on MHC class II molecules and enhances their stability before they are transported to the cell surface for recognition by CD4+ T cells. MHC class II molecules are synthesized in the endoplasmic reticulum (ER) and associate with a glycoprotein called invariant chain (blue). This invariant chain contains a targeting signal that directs the MHC class II molecules to the endosomal pathway. Created with BioRender.com.



CD8+ T cells are important effector cells in controlling viral infections. Prolonged antigen stimulation, as in chronic viral infections, can lead to exhaustion of the CD8+ T cells and reduce their activity and function (67). A striking indication of the contribution of this T-cell subset is their presence in brain lesions of MS patients in even greater numbers compared to CD4+ T cells (68–70). MHC class I alleles are also associated with MS; for example, the HLA-A-030 allele increases the risk of developing the disease two-fold (71). Mainly effector memory T cells infiltrating the CSF of MS patients (72) and increased granzyme B levels were found during relapses suggesting a higher CD8+ T-cell-mediated cytotoxicity (73, 74). Moreover, CD8+ T cells expand in areas of EBV-infected cells in the brain and show elevated cytotoxic activity. It is suggested that this may also contribute to damage of tissue and potentially affect myelin sheaths (75). However, the precise impact of CD8+ T cells in association with EBV on MS remains to be fully elucidated.

In contrast to the pathology-promoting effects of CD8+ T cells in MS, Vietzen et al. recently found that EBV-specific, HLA-restricted CD8+ T cells may be important in killing EBV-infected autoreactive B cells because these specific cells exhibit a robust response against EBV-infected GlialCAM370–389-specific B cells. The authors postulate that greater activation and proliferation of these specific CD8+ T cells has a protective effect on MS pathology (76).

Not only adaptive immune cells can influence MS pathology but also innate immune cells; NK cells could have a non-negligible influence. NK cells are lymphocytes with cytotoxicity and cytokine-producing effector functions that can recognize and kill abnormal cells such as tumor cells and virus-infected cells. They identify and kill infected or tumor cells by recognizing specific ligands presented by MHC class I molecules on the surface of these target cells (77). Vietzen et al. found that certain NK cells exert a protective effect against the development of MS. NKG2C+ and NKG2D+ NK cells exhibit heightened activation against GlialCAM-specific cells, and increased levels of these NK cells were observed in healthy individuals with high EBNA-specific IgG. The levels of these specific NK cells can be influenced by the stabilization of HLA-E through UL40 variants of prior HCMV infections or KLRC variants of the cells. Inhibition of NKG2A+ NK cells, caused by cellular resistance mechanisms of EBV-infected autoreactive B cells, can potentially increase the risk of MS (76).





How EBV-specific immune responses potentially interfere with MS pathogenesis

We propose four main possible scenarios that could explain the altered humoral and cell-mediated immune responses to EBV in patients with MS and the potential contribution of EBV to the pathogenesis of the disease (Figure 3). The scenarios are based on the assumption that host factors predisposing to MS, such as allelic variants of susceptibility genes, influence the immune response to EBV, and all scenarios could apply to other autoimmune diseases. It is important to point out that EBV might not only be a trigger for MS but could also contribute to disease progression after disease onset (78). This distinction is crucial since the latter scenario would offer opportunities to treat MS by targeting EBV infection (78). In addition to B-cell-directed depleting strategies ranging from conventional antibody-based CD20 treatment to specifically EBV-targeting synthetic cell-based approaches (79), which target the virus reservoir, direct antiviral treatments such as tenofovir (80) could also be employed.




Figure 3 | Potential mechanism through which Epstein–Barr virus infection may trigger the initiation of multiple sclerosis. The initial infection with EBV can trigger a robust immune response, often resulting in infectious mononucleosis (IM). It is a lytic infection that is mainly brought under control by EBV-specific CD8+ T cells but also by CD4+ T cells. The virus infects B cells and spreads by inducing a latent, growth-transforming infection in the B cells (tB cells: transformed B cells). The strong immune activation during the lytic infection could promote the activation and expansion of autoreactive and cross-reactive T and B cells. These self-reactive cells might be maintained due to constant antigen exposure and deficient immunoregulatory networks. Additionally, one potential role of EBV is to stimulate the proliferation and maturation of B cells while also preventing the apoptosis of autoreactive B cells and plasma cells that generate autoantibodies. Hence, it is conceivable that the activation of self-reactive T cells and the production of cross-reactive antibodies contribute to demyelination in MS. HERV-W ENV may drive the disease progression even further by inhibiting remyelination and promoting inflammation. Created with BioRender.com.






Protective immune responses to EBV initiate and sustain autoimmunity in MS

Strong innate immune activation during primary EBV infection might promote the activation and proliferation of autoreactive and polyspecific T and B cells, which recognize both autoantigens and viral antigens. MS patients show increased frequencies of CD4+ T cells specific for EBNA1 and higher activation states (81, 82). It is possible that continuous stimulation through cross-reactions with autoantigens (54), i.e., molecular mimicry, could maintain these cells and enhance EBV-specific CD4+ T-cell responses (Figure 1). Such specific cross-reactions between the central nervous system (CNS) and foreign antigens have been previously identified (83–85). In particular, T cells specific to EBNA1 have been shown to react to a mixed myelin antigen pool (54), and CD4+ T-cell cross-reactivity between EBNA1 and alpha-crystallin B was discovered in mouse experiments (86). Another study reported broader EBV-specific TCR repertoires in MS patients, even between monozygotic twins, discordant for MS (87). Beyond this, cross-reactivity is not limited to T cells; autoantibodies targeting specific regions of EBNA1 have also been identified in MS patients. The amino acid region aa385–440 especially plays an important role in molecular mimicry and is associated with MS risk (88). Lanz et al. found out that a monoclonal antibody present in the CSF of 20%–25% of MS patients, which binds EBNA1AA386–405 with high affinity, cross-reacts with the glial cellular adhesion molecule GlialCAM. Co-immunization with this epitope triggered a strong B-cell response against GlialCAM in mice and thus induced autoimmune demyelination (89). Antibodies targeting EBNA1401–420 can also bind alpha-crystallin B peptides containing the homologous motif (90). Elevated autoantibody reactivity to anoctamin 2 (ANO2), a Ca²⁺-activated chloride channel, has been detected in MS patients, with anti-ANO2 antibody levels being 5.3-fold higher compared to controls (84). Reciprocal blocking experiments showed that EBNA1 peptides (aa431 to 440) cross-reacted with anoctamin 2 (aa140 to 149) (86). The persistent activation of autoreactive T cells and the production of cross-reactive antibodies may not only initiate demyelination but also exacerbate disease severity by driving chronic inflammation and tissue damage, ultimately contributing to the progression of neurodegeneration in multiple sclerosis. Nevertheless, it is important to note that while various cross-reactive antibodies have been identified, they are present in only a subset of patients, and their precise role in the disease remains poorly understood.





EBV assists in the maintenance of autoreactive B cells

B-cell-depleting therapies in MS show rapid and potent efficacy and strengthen the hypothesis that B cells may contribute to the pathogenesis of MS (91). Additionally, oligoclonal bands (OCBs), used as a diagnostic feature of MS (92), are elevated in MS patients, indicate the intrathecal B and plasma cell activity, and correlate with increased disease activity and disability (93). Some of the intrathecal antibodies specific to EBV were identified to cross-react with CNS antigens in MS patients (89). It is suspected that in MS, autoreactive B cells infiltrate the CNS, where they contribute to axonal injury and demyelination. In line with this, Pender’s hypothesis postulates that chronically EBV-infected autoreactive B cells accumulate in the brain and can produce pathogenic autoantibodies, which may also provide costimulatory signals for autoreactive T cells and thus prevent their apoptosis (94). This accumulation of EBV-infected autoreactive B cells in MS is proposed to be driven by a genetic defect that impairs the elimination of EBV-infected B cells by CD8+ T cells, which would normally keep EBV under control (94). Key predictions of this hypothesis have been subsequently verified, including the presence of EBV-infected B cells in the brain and meninges of MS patients (75, 95–97), decreased CD8+ T-cell immunity to EBV in MS (98), and the therapeutic efficacy of B-cell-depleting therapies such as ocrelizumab (99, 100). Nevertheless, it should be mentioned that some studies have not consistently detected EBV-positive B cells in the CSF or CNS lesions of patients with MS (101–103). These discrepancies may partly result from technical limitations, such as difficulties in the localization of EBV-infected cells or limitations of postmortem tissue analyses. Autoreactive B cells are normally controlled and neutralized by various tolerance checkpoints during development and differentiation (104). EBV persists in memory B cells and has an impact on their differentiation and function. Latent EBV B-cell infection provides B-cell survival advantages to escape the mechanisms of B-cell tolerance and could thus support the survival of autoreactive B cells in MS patients (105, 106). In fact, in mice transgenic for the latent EBV membrane protein 2 (LMP2) with targeted expression in their B-cell compartment, peripheral B cells were found to escape neutralization in the germinal center despite defective B-cell receptor expression (107).

Disease-relevant autoreactive B cells in MS could be specific for myelin antigen, while some studies indicate that CSF B cells contribute to MS pathogenesis by presenting self-antigens in the form of idiotope peptides from their B-cell receptors (BCRs) (108–110). These peptides, particularly from the complementarity-determining region (CDR3), are predicted to have a high affinity for HLA-DR molecules and are processed by cathepsins, which enables their presentation on HLA class II molecules (109). The presentation of these specific BCR-derived peptides activates memory CD4+ T cells in MS patients (108) Moreover, the CDR3 sequences of CSF B cells from MS patients contain more T-cell-exposed motifs, which have a higher potential to evade immune tolerance and activate CD4+ T cells compared to B cells from patients with other inflammatory neurological disorders (109). Therefore, it can be speculated that idiotope-driven T–B-cell interactions are involved in the pathogenesis of MS by driving its chronicity. Despite the promising insights, studies on idiotope-driven T–B-cell interactions in MS are still limited. Further research, especially in-vitro and in-vivo studies, is needed to strengthen our understanding of how T-cell activation through idiotopes contributes to the disease.

Dysregulated intrinsic B-cell control of EBV gene expression can lead to a proinflammatory, pathogenic B-cell phenotype. Spontaneous lymphoblastoid cell lines (SLCLs) derived from B cells of MS patients during active disease exhibited significantly higher EBV lytic gene expression than SLCLs from patients with stable disease or healthy controls. Moreover, host gene expression analysis revealed activation of pathways linked to hypercytokinemia and interferon signaling in MS-derived SLCLs and an upregulation of the transcription factor forkhead box protein 1 (FOXP1), which is important for maintaining EBV lytic gene expression, altogether indicating that a population of EBV-positive B cells, which fail to control EBV latency, may contribute to MS pathogenesis by driving B- and T-cell inflammation, particularly during active disease (111).

Thus, EBV gene products might stimulate cross-reactive autoimmune B cells directly or increase their survival after infection. Chronic stimulation of infected autoreactive B cells by autoantigens could, in turn, drive the replication of the virus and trigger enhanced, potentially pathogenic T-cell responses.





EBV transactivates other viral elements that are cytotoxic to CNS-resident cells

Approximately 8% of the human genome consists of sequences of viral origin, the human endogenous retroviruses (HERVs). HERVs are probably the remnants of an ancient germ cell infection by exogenous retroviruses and have long been suspected of being involved in the development of autoimmune diseases (112). Various studies reported higher HERV expression in MS patients and an association between HERVs, particularly the HERV-W family and MS (112, 113). The envelope protein (ENV) of HERV-W is suspected of contributing to neurodegeneration in MS. In the progressive stages of the disease, HERV-W ENV leads to a degenerative phenotype in microglial cells, driving them toward a close spatial association with myelinated axons (114). Additionally, in HERV-W ENV-stimulated myelinated co-cultures, microglia were found to structurally damage myelinated axons. HERV-W ENV also negatively affects oligodendroglial precursor cell (OPC) differentiation and remyelination (114). Moreover, the HERV-W ENV glycoprotein, also known as syncytin-1, is upregulated in glial cells within acute demyelinating lesions in MS patients and induces redox reactant release that mediates the death of oligodendrocytes (115). EBV has been demonstrated to possess the ability to trigger the expression of diverse HERVs (116, 117). Consequently, EBV-mediated transactivation of HERVs, which may lead to axonal injury in the CNS, could potentially play a role in the development of MS. EBV itself can be reactivated by the human herpesvirus 6 (HHV-6). It has been observed that infection of EBV-positive cells with HHV-6 significantly increases the expression of EBV lytic cycle proteins, including the Zebra antigen and early antigens. This interaction suggests that HHV-6 directly stimulates EBV replication, potentially contributing to EBV-related diseases such as multiple sclerosis (118).





Altered immune responses to EBV as a non-pathogenic epiphenomenon

It is possible that altered responses to the Epstein-Barr virus (EBV) result from specific host factors that increase susceptibility to autoimmune diseases, yet they may not directly contribute to the pathogenesis of MS. Since the virus latently persists in B cells, an effective cell-mediated immune response is required to limit the replication of the virus. Defects in the immune functions, not necessarily attributed to a causative role of EBV, could involve increased stimulation of the B-cell compartment by autoantigens. This stimulates increased EBV replication, leading to elevated viral load and consequently triggering enhanced antiviral immune responses. Alternatively, autoimmunity due to dysregulated regulatory T cells could also lead to increased EBV-specific immune responses without them being responsible for MS pathogenesis. In particular, lupus patients exhibit an unusually high number of EBV-infected B cells in their blood, which express abnormal levels of viral lytic (BZLF1) and latent (latency membrane proteins 1 and 2a) genes (119). It is hypothesized that this observation may be based on defects in the immune functions of systemic lupus erythematosus (SLE) patients without the necessity to assert or exclude EBV’s causal role in SLE pathogenesis.






Concluding remarks and future directions

EBV has been a leading candidate trigger for several autoimmune diseases since the initial description of increased EBV-specific antibody titers in patients with SLE in 1971 (120). In principle, the long coevolution and the intertwined relationship of EBV with the human immune system, particularly the virus’ influence on B-cell biology and the requirement for a strong protective T-cell response, are compatible with both a pathogenic and an epiphenomenal function of EBV in autoimmune diseases. Strong evidence for a causal role of EBV in MS development stems from recent, large epidemiological studies (39).

Nonetheless, despite all the studies suggesting that EBV infection is a necessary condition for MS based on the virtually universal seroprevalence of EBV among MS patients, the mechanisms by which EBV triggers or maintains MS development remain poorly understood. In this context, further research dissecting in depth the interactions between the virus and its host is needed for a better understanding of how EBV infection can lead to the development of MS. We need to develop new in-vitro and in-vivo models that allow us to gain insight into the interactions between the main players of MS, namely, the immune cells, CNS cells, and EBV. In-vitro models based on reprogramming of blood cells into neural cells and neural organoids that can be co-cultured with immune cells become increasingly available. Such organoids, derived from induced pluripotent stem cells (iPSCs) of MS patients, may provide a valuable in-vitro system to investigate how patient-specific genetic backgrounds influence neural cell function and their interactions with EBV in a controlled microenvironment (121–123). Similarly, humanized mouse models, which are engineered to have a reconstituted human immune system, provide a unique platform to study the interplay between EBV and the human immune response in vivo (124). These models can help explore the mechanisms of how EBV infection affects brain function and tissue injury and also can help study specific B-cell or T-cell subpopulations directly involved in disease development. We also need to gain more knowledge on how coinfection of EBV with other viruses such as cytomegalovirus, which has been shown to reduce MS risk (125, 126) and positively influence prognostic disease outcomes (127, 128), modulates the interaction between EBV and the immune system. Finally, we need to identify reliable biomarkers that allow for monitoring virus activity in infected MS patients and to determine the type of infection (i.e., latent infection, induction of proliferation of infected B cells, lytic replication) that is predominant at different clinical phases of the disease. The integration of these data might eventually allow us to better define the role of EBV in the etiology and pathogenesis of MS and might also generate exciting insights into the immunobiology of host–EBV interactions.
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