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Abstract 

The prevailing view for the onset of Multiple Sclerosis is that it is an “outside-in” driven pathology. 

It's believed that primary infection with Epstein Barr Virus (EBV) in those with a genetic susceptibility 

to MS, drives the production of auto-reactive B cells that infiltrate the Central Nervous System from 

the periphery and seed the CNS with EBV. Upon infection of the CNS with EBV, an autoimmune 

response to the brain from the periphery leads to MS diagnosis and neurodegeneration. We propose 

an “Inside Out” model of MS genesis where HHV6-A is responsible for the earliest histological 

findings observed in MS lesions before and during EBV primary infection, EBV primary infection 

accelerates activation of HHV-6A residual replication, the transactivation of EBV and the 

development of the Wilkins Lesion where debris from cellular injury induced by HHV6-A replication 

lead to the development of autoimmune processes to neuronal proteins like myelin, setting a 

precedent for MS development. Human Herpesvirus 6A (HHV6A) is ubiquitous and undergoes 

latent and periodic reactivation in the cerebral compartment of young adults. This reactivation may 

contribute to the development of gliapathy, a dying-back phenomenon characterized by swelling of 

the inner lamella of the axon, demyelination, apoptosis, or necroptosis of oligodendrocytes (ODC’s) 

and their precursors as suggested by Theiler’s Murine Encephalomyelitis Virus Infection (TMEV) and 

Experimental Allergic Encephalomyelitis (EAE) animal models. 

Keywords: human herpes virus–6A; Epstein Barr-virus; inside- out model; citrullination; MOG; 

Molecular Mimicry; Wilkins Lesion 

 

Introduction 

Over recent decades, accumulating evidence has challenged the traditional "outside-in" 

paradigm of autoimmunity, which posits that external factors initiate immune attacks on the central 

nervous system (CNS) [1]. The "inside-out" concept, which is complementary to the “outside-in” 

concept” has gained traction by suggesting that autoimmune responses may originate from within 

the target organ itself. This perspective is rooted in the primary lesion theory proposed by Terence 

Wilkin in 1990, which postulates that autoimmunity arises from genetically predisposed immune 

hyper-reactivity to excessive antigen release caused by primary lesions within specific tissues or 

organs [2]. 
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According to this theory, autoimmunity is not inherently pathological but represents an 

exaggerated immune response to internal tissue damage [3]. As further discussed by ‘t Hart et al. [4], 

the same genetic and environmental risk factors implicated in the outside-in model—such as genetic 

susceptibility and viral infections—can also contribute to immune hyper-reactivity in the inside-out 

paradigm. Notably, research using the common marmoset model of experimental autoimmune 

encephalomyelitis (EAE), a well-established non-human primate model for MS, has highlighted the 

complex interplay between Epstein-Barr virus (EBV)-infected B cells and auto-aggressive T cells, 

particularly cytomegalovirus (CMV)-induced natural killer-type cytotoxic T lymphocytes, as central 

drivers of CNS-targeted autoimmunity [1]. 

While much attention has been devoted to understanding the activation and progression of 

autoimmune pathology, the origins and characteristics of the initial, or "primary," lesion remain less 

well explored. In this review, we introduce the hypothesis that infection of oligodendrocytes with 

human herpesvirus 6 (HHV-6) may represent a critical, yet underappreciated, viral trigger in MS 

pathogenesis of the conceptualized primary lesion. This leads us to propose a novel model in which 

MS could result from a complex "trialogue" of herpesvirus infections—EBV, CMV, and HHV-6—

interacting within the CNS to initiate and perpetuate autoimmune pathology. 

By examining the interplay between oligodendrocyte dysfunction, viral infections, and immune 

responses, this review aims to provide new insights into the mechanisms underlying MS and to 

highlight potential avenues for innovative therapeutic strategies. 

2. Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic inflammatory disease that mainly affects the brain, and, 

spinal cord to a variable extent, collectively indicated as CNS [5]. Genetic linkage studies combined 

with histological analysis and the results of immuno-therapy trials point to a central role of the 

immune system in the induction of pathology and disease symptoms. However, not with standing 

decades of intensive research, it is still unclear which factors the immune system is activated by. 

According to a classical outside-in paradigm exposure of genetically susceptible individuals to 

infection with certain pathogens, EBV (albeit not exclusively), elicits activation of auto-reactive T- 

and B-lymphocytes present in the peripheral immune repertoire. Studies in a variety of animal 

models, including rodents as well as non-human primates, show that these specificities are not 

innocent, but once appropriately activated, gain the capacity to infiltrate the CNS and to elicit MS 

pathology [5–7]. 

MS mainly affects the spinal cord and brain via autoimmune inflammation. Histology and 

genetic linkage studies combined with studies of immuno-therapy trials suggest the central role of 

the immune system in the induction of disease pathology and symptoms. The classical outside-in 

paradigm suggests that infection with EBV and other viruses first in the periphery in those with 

certain genetic profiles induce autoimmunity towards the CNS. The essential role of Epstein-Barr 

virus in the pathogenesis of multiple sclerosis [8]. 

3. Epidemiological Studies: Faroe Islands. 

The Faroe Islands have provided a unique epidemiological case study for studying MS. The 

isolated population and literal records have allowed experimenters to probe potential environmental 

triggers of MS. Specifically, the prevalence of MS in the Faroe Islands increased significantly 

following the British occupation during World War II, suggesting a possible link between viral 

infections introduced by those on the islands and the onset of MS in the original population [9]. 

The MS epidemic in the Faroe Islands offers a compelling example of how viral infections, 

potentially introduced by outside populations, may interact with local genetic susceptibility factors 

to trigger multiple sclerosis. The islands present a unique case study not only because of their isolated 

population but also due to their northern latitude, which results in lower vitamin D levels from 

reduced sun exposure compared to more southern regions [10,11]. The interplay between viral 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 July 2025 doi:10.20944/preprints202507.0322.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0322.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 20 

 

infections, vitamin D status, and inheritable vulnerability in the Faroe Islands offers investigation of 

complex etiology of MS and highlights the need for comprehensive approaches in studying and 

treating this disorder [10]. Epidemiological data from the Faroe Islands suggests an infectious 

organism may be a precursor to MS development. Animal EAE models have also proven efficacious 

in understanding the mechanisms behind MS progression [11]. 

4. The Autoimmune Concept of MS; the Main Immune Players. 

Autoimmunity targeting the CNS in MS leads to neurodegeneration primarily through 

demyelination [12]. This autoimmune process arises from dysregulation of both the innate and 

adaptive immune responses. CD4+ T cells, particularly the Th1 and Th17 subsets, along with CD8+ 

cytotoxic T cells, contribute to CNS autoimmunity by secreting pro-inflammatory cytokines that 

drive tissue damage. B cells also play a critical role by producing oligoclonal bands—antibodies 

found in the cerebrospinal fluid that serve as markers of CNS-directed autoimmunity—and by 

functioning as antigen-presenting cells that activate autoreactive T cells [13]. Within the CNS, 

microglia—the resident immune cells—exhibit plasticity by transitioning between a pro-

inflammatory M1 phenotype, which promotes neurodegeneration, and an anti-inflammatory M2 

phenotype, which supports tissue repair and remyelination. The balance between these microglial 

states influences disease progression and recovery, highlighting their dual role in both CNS injury 

and repair mechanisms in MS [14,15]. 

5. Earliest Morphological Changes in MS Lesions 

Within MS lesions, there is prominent activation of the innate immune system, involving 

microglia, astrocytes, and nearby oligodendrocytes (ODCs). Activated microglia play a key role in 

the degradation of myelin, the protective sheath surrounding nerve fibers, by engulfing myelin. The 

engulfment of myelin is the follow-up of the initial myelin injury via  complement-dependent 
cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC). As demyelination 

progresses, the resulting tissue damage is gradually replaced by scar tissue. Notably, an iron-

containing rim of activated microglia often forms around the edge of chronic lesions, which is thought 

to mark ongoing inflammation and tissue remodeling [16,17]. 

Simultaneously, young oligodendrocyte precursor cells (OPCs) are observed attempting to 

repair the damage by generating new myelin, although this remyelination process is frequently 

incomplete or unsuccessful in MS. The close spatial relationship between activated microglia and 

distressed oligodendrocytes suggests that microglia respond directly to signals from damaged or 

stressed ODCs [17]. Astrocytes, another type of glial cell, also become reactive within and near MS 

lesions, exhibiting hypertrophy (enlarged processes) that contribute to the formation of the glial scar 

and influence the local inflammatory environment. In the normal appearing white matter 

surrounding lesions, microglial nodules—small clusters of activated microglia—are frequently 

observed. However, only a minority of these nodules appear to develop into full-fledged lesions. 

Some of these nodules' express interleukin-1 beta (IL-1β), indicating activation of the inflammasome, 

a key component of the innate immune response that drives inflammation [17,18]. 

6. Immune Responses 

Emerging evidence supports an inside-out model of MS pathogenesis, wherein intrinsic CNS 

dysfunction, such as oligodendrocyte stress or myelin instability, precedes peripheral immune 

activation [19]. This model challenges the traditional "outside-in" paradigm by proposing that 

environmental triggers (e.g., viral infections, vitamin D deficiency) and genetic susceptibility (e.g., 

HLA-DRB115:01 allele*) synergize to create a pro-inflammatory CNS microenvironment [19,20]. 

Here, subtle myelin damage releases modified antigens (e.g., citrullinated proteins), which activate 

auto-reactive T and B cells, (within CNS draining lymph nodes) initiating cycles of immune-mediated 

neurodegeneration in both white and gray matter [4]. 
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7. Mechanisms of Autoimmunity and Neurodegeneration Antigen Release and 

Immune 

7-1. Activation: 

Myelin breakdown exposes myelin proteins (e.g., myelin basic protein, proteolipid protein, 

myelin oligodendrocyte glycoprotein) that are mistaken for foreign antigens [4]. Innate immune cells 

(microglia, astrocytes) engulf debris and release pro-inflammatory cytokines (TNF-α, IL-6), recruiting 

adaptive immune cells from the periphery [21]. 

7-2. Bystander Toxicity: 

Activated CD8+ T cells and macrophages release cytotoxic molecules (e.g., granzyme B, reactive 

oxygen species), damaging nearby neurons and oligodendrocytes. Failed Repair Mechanisms: 

Repeated inflammatory episodes impair OPC differentiation, leading to incomplete remyelination 

and scar formation. Chronic microglial activation perpetuates oxidative stress, accelerating axonal 

degeneration [4]. 

8. The Outside-in Pathogenic Concept and Supporting Animal Models 

The "outside-in" hypothesis posits that environmental triggers, such as viral infections, play a 

central role in initiating MS by activating within the peripheral lymphoid compartment auto-reactive 

lymphocytes that mistakenly target the CNS [22]. According to this model, microbial antigens—like 

those from viruses—provide not only the initial antigenic stimulus, but also critical co-stimulatory 

signals required for full T cell activation. Without these secondary signals, auto-reactive T cells may 

remain in a state of peripheral tolerance, avoiding pathogenic behavior. Mouse models of EAE, the 

primary animal model of MS, support this theory, as disease induction typically requires both a 

microbial adjuvant (e.g., complete Freund’s adjuvant) and a myelin-specific antigen. This mirrors the 

proposed human mechanism where environmental pathogens may "prime" the immune system to 

breach self-tolerance [23]. 

Viral infections further exemplify this concept through molecular mimicry, wherein microbial 

antigens structurally resemble self-antigens like myelin proteins. For instance, Semliki Forest virus 

(SFV) [24] and Theiler’s murine encephalomyelitis virus (TMEV) [25] are neuro-tropic viruses used 

in animal studies to demonstrate how viral mimicry of host proteins can trigger cross-reactive 

immune responses, leading to demyelination. TMEV, in particular, induces chronic CNS 

inflammation in mice, closely resembling MS pathology. Human studies also implicate viruses such 

as Epstein-Barr virus (EBV) in MS susceptibility, with evidence suggesting EBV-specific T cells cross-

react with myelin basic protein [25–27]. 

These findings underscore the interplay between genetic predisposition and environmental 

factors in MS. The "outside-in" framework thus emphasizes that microbial encounters may act as 

essential catalysts, breaking immune homeostasis and enabling autoreactive lymphocytes to infiltrate 

and damage the CNS. 

9. Early changes in NAWM. 

Normal-Appearing White Matter (NAWM) exhibits significant abnormalities that are not 

detectable through conventional MRI but can be revealed using advanced imaging and molecular 

techniques. Myelin microscopy imaging studies have demonstrated that NAWM is abnormal at a 

microscopic level, indicating early pathological changes even before the formation of visible MS 

lesions [28,29]. 

Immunofluorescence investigations have shown that these myelin abnormalities in NAWM may 

actually precede the development of overt MS lesions. Despite appearing normal on standard MRI 

scans, the white matter in the CNS shows subtle but critical changes. For example, myelin water 
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imaging (MWI), a specialized magnetic resonance imaging (MR)I technique, detects a reduced 

density of myelinated axons within NAWM, highlighting early demyelination processes [30]. 

The distribution of T2 hyperintense lesions on MRI often follows these initial abnormalities in 

NAWM, suggesting a progression from microscopic changes to macroscopic lesion formation. At the 

molecular level, alterations have been observed in lipid composition, the structure of myelin, and the 

integrity of nodes of ranvier—critical gaps in the myelin sheath essential for rapid nerve signal 

conduction. Additionally, there is evidence of disrupted iron homeostasis within NAWM. 

Specifically, a shortage of iron is noted alongside increased activity of ferric oxidases—enzymes that 

catalyze the oxidation of ferrous iron and facilitate its export from cells. This imbalance may 

contribute to oxidative stress and further tissue damage [31]. 

Inflammation and demyelination characterize these NAWM abnormalities, which appear as 

hyper-intense regions on T2-weighted MRI scans. Advanced brain MRI techniques, including 

magnetization transfer ratio (MTR) mapping analyzed through brain atlases on a voxel-wise basis, 

have been used to precisely localize and quantify these abnormalities. The spatial pattern of T2 hyper-

intense signals closely matches the areas showing altered MTR values, reinforcing the idea that 

NAWM changes are an early marker of lesion development [29,31]. 

10. The Proverbial Primary Lesion 

The "inside-out" hypothesis proposes that MS begins with primary degeneration or dysfunction 

within the CNS, which subsequently triggers an autoimmune response. Research using primate EAE 

models has identified auto-aggressive effector memory T-cells, including natural killer (NK)-like 

populations, as part of the normal immune repertoire. Intriguingly, similar T-cell populations have 

been found in both healthy individuals and those with MS, as demonstrated by the Antel group at 

McGill University [32,33]. These T-cells can be activated solely through "signal 1"—the interaction 

between the MHC, antigenic epitope, and T-cell receptor (TCR)—without requiring additional 

microbial co-stimulation. However, viral infections may still contribute to disease progression. For 

example, cytomegalovirus (CMV) infection is thought to induce auto-aggressive NK-T cells, while 

EBV-infected B-cells act as potent antigen-presenting cells (APCs), presenting CNS antigens and 

sustaining autoimmune activity [34]. Within MS lesions, the innate immune system becomes highly 

active. Microglia, astrocytes, and nearby ODCs show signs of activation. Myelin degradation occurs, 

with activated microglia phagocytosing myelin debris. Over time, the loss of myelin is replaced by 

scar tissue, often surrounded by an iron-containing rim formed by microglia. Young OPCs are 

observed attempting to remyelinate and repair the damaged tissue [35,36]. 

Morphological studies suggest that microglia clustering near lesions respond to stressed or 

damaged oligodendrocytes. Astrocytes near and within lesions exhibit hypertrophy, reflecting a 

reactive state. Small clusters of activated microglia, known as microglial nodules, are commonly 

found within lesions. However, only a minority of these nodules progress into full lesions, 

particularly those expressing interleukin-1 beta (IL-1β), which indicates inflammasome activation 

and a pro-inflammatory environment [37]. 
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Figure 1. Graphic represents primary oligodendrogliopathy induced by microglial and CD8 autoimmune 

responses towards myelin sheaths and other neuronal proteins. Figure from: t’ Hart BA et al. [38]. 

Rodriguez and Scheithauer (1994) analyzed the structure of MS lesions via electron microscopy 

of 11 brain biopsies. Early degenerative changes were observed, including widening of the inner 

myelin lamellae and disruption of the inner loops. These observations preceded myelin destruction. 

There was perivascular infiltration of macrophages, lymphocytes, and plasma cells which were 

interacting with myelin sheaths. It was observed that astrocytes were proliferating even in non-

demyelinated areas. There was significant loss of oligodendrocytes in demyelinated areas with 

denuded axons in proximity to astrocyte processes. There was swelling of the axons in affected areas. 

Intact were oligodendrocytes at lesion sites. Remyelination was present as thin myelin sheaths at the 

margins of plaques. There were also “pole-like” crystalline inclusions which may have arisen from 

the endoplasmic reticulum. The study highlights a "dying-back oligodendrogliopathy" also affecting 

distal processes. There is heterogeneous lesion activity including acute demyelination and axon loss 

and gliosis of a chronic nature. There is some nerve regeneration present whereas the macro phage 

inclusions suggest a protein aggregation of an unknown nature [39]. 

11. A Case for HHV-6 

Infection by HHV-6A disrupts several critical cellular functions of oligodendrocytes. It impairs 

mitochondrial activity and alters the cytoskeleton, exposing cells to increased oxidative stress, viral 

byproducts, and chronic inflammatory cytokines. These combined factors can trigger programmed 

cell death pathways, such as necroptosis or apoptosis, ultimately leading to oligodendrocyte loss and 

destabilization of the myelin sheath. HHV-6A also interferes with essential cellular processes like 
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mitochondrial fusion and fission, which are vital for maintaining cellular energy balance. Prolonged 

disruption of these processes can result in cell death. Notably, the earliest pathological damage in MS 

occurs at the inner glial loop of the myelin sheath, rather than the outer myelin layers [40,41]. Damage 

to the outer sheath appears only later in the disease progression, highlighting the inner glial loop as 

the initial site of myelin injury [42]. 

12. Blistering of Myelin 

Recent studies have revealed the blistering of the myelin sheath, particularly at the inner layers 

closest to the axon. This blistering may represent an early stage of myelin damage that precedes overt 

demyelination. The mechanism behind ODC blistering is characterized by dislocation of myelin-

associated proteins and lipid composition potentially due to viral interference with oligodendrocyte 

cellular processes [43]. 

12-1. Citrullination of Myelin 

Citrullination is an enzymatic post-translational modification where arginine residues in 

proteins are converted to citrulline, which plays a significant role in destabilizing myelin and 

advancing the pathogenesis of MS. In MS patients, there is increased presentation of the citrullinated 

myelin basic protein (MBP) peptide fragment MBP85-99 to immune cells, contributing to 

autoimmune responses [44,45]. Pathological changes in oligodendrocytes include swelling of the 

inner lamella and bleb formation, indicative of cellular degeneration. MBP is essential for maintaining 

the structural integrity and compaction of the myelin sheath. However, citrullination of MBP disrupts 

its ability to organize lipid bilayers properly, leading to myelin decompaction. This modification also 

increases MBP’s susceptibility to proteolytic enzymes such as cathepsins, exacerbating myelin 

breakdown [44,46]. 

Calcium signaling dysregulation and glutamate receptor disruption in oligodendrocytes lead to 

increased intracellular calcium levels, which activate peptidylarginine deiminases (PADs)—the 

enzymes responsible for citrullination. This cascade results in further myelin destabilization. The loss 

of myelin compaction exposes the hydrophobic lipid core, making it vulnerable to enzymatic 

degradation. Additionally, tissues from MS patients show elevated citrullination of cytoskeletal 

proteins such as vimentin and glial fibrillary acidic protein (GFAP). This modification compromises 

cytoskeletal integrity, increasing cellular fragility. Mitochondrial dysfunction in oligodendrocytes 

contributes to myelin decompaction by impairing energy-dependent calcium buffering, which is 

critical for maintaining axon-myelin interactions [46]. Furthermore, disruption of adhesion 

molecules, including myelin-associated glycoprotein (MAG), weakens the tethering between axons 

and myelin, promoting blister formation and further myelin damage. Together, these molecular and 

cellular alterations highlight the complex mechanisms by which citrullination and MBP dysfunction 

contribute to myelin instability and MS progression [47,48]. 

12-2. Citrullination as Result of an Immune Response in the CNS 

In MS, tumor necrosis factor (TNF) is prominently expressed by astrocytes and macrophages 

within active lesions, where it drives neuro-inflammation and oligodendrocyte apoptosis. A key 

mediator of myelin destabilization in the brain is Peptidyl arginine Deiminase 2 (PAD2), which 

catalyzes the citrullination of myelin basic protein (MBP). This post-translational modification 

reduces myelin’s structural stability, rendering it more susceptible to proteolytic degradation and 

immune targeting. Similarly, PAD4 deaminates histones (e.g., generating citrullinated histone H3, 

H3cit), altering chromatin compaction and potentially hindering OPC differentiation—a critical 

barrier to remyelination. While PAD4 is active in the periphery, it can still be found in the CNS. 

Elevated PAD4 levels correlate with increased H3cit and TNF in normal-appearing white matter 

(NAWM) of MS patients, a pattern replicated in animal models of demyelination [49,50]. 
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Citrullinated myelin proteins amplify neuro-inflammation by stimulating TNF production in 

activated microglia. Proteomic studies of MS brain tissue have identified 80 citrullinated proteins, 

including MBP, GFAP, and vimentin, with citrullinated epitopes enriched in MS patients compared 

to controls. Intriguingly, CSF-derived T cells from MS patients show no proliferative response to 

citrullinated myelin antigens in vitro, suggesting citrullination is not a direct T cell activator but 

rather a consequence of chronic inflammation [51–53], however it has been shown in mouse EAE. It 

is important to note that there is a difference betwen mouse and human findings [54]. 

12-3. Citrullinated MBP and Astrocyte Dysregulation 

Experiments using citrullinated MBP isomers reveal distinct astrocyte responses. The 

citrullinated isoform (MBP-C8) reduces glutamate release, triggers NF-kB-mediated inflammation 

(e.g., nitric oxide, IL-17A), and upregulates pro-inflammatory pathways, while unmodified MBP 

(MBP-C1) enhances glutamate uptake without inducing inflammation. Both isoforms increase 

expression of PPAR-γ (a regulator of lipid metabolism) and EAAT2 (a glutamate transporter), 

suggesting a dual role for MBP in modulating astrocyte metabolic and inflammatory states. These 

findings position citrullinated MBP as a driver of astrocyte-mediated neurotoxicity in MS [53]. 

13. EAE MS Animal Models 

13-1. EAE. 

EAE models are widely used to study mechanisms of autoimmune demyelination. In these 

models, myelin-derived proteins (e.g., proteolipid protein [PLP] or myelin oligodendrocyte 

glycoprotein [MOG]) are administered with bacterial adjuvants like Complete Freund’s Adjuvant 

(CFA) to enhance immuno-genicity. For example: SJL/J mice: Immunization with PLP peptides (e.g., 

PLP139-151) induces a relapsing-remitting EAE course, mimicking some aspects of human MS 

[55,56]. NOD mice: MOG35-55 immunization triggers a relapsing disease, though it does not fully 

replicate the chronic progressive phase of MS [57,58]. EAE pathogenesis primarily involves CD4+ T 

cell-mediated immune responses, while the role of CD8+ T cells in direct neuronal damage remains 

understudied [59]. In mice, EAE predominantly affects the spinal cord, with limited cortical 

involvement. In contrast, MS is characterized by extensive subpial cortical demyelination alongside 

spinal cord lesions [59–61]. In the marmoset EAE model, MS pathology in the brain is more closely 

replicated. Autoimmunity in EAE is driven by co-activation of innate immune receptors (e.g., Toll-

like receptors [TLRs] and NOD-like receptors [NLRs]), which break tolerance and activate auto-

reactive T and B cells [58,62]. Acute inflammation typically begins 15–20 days post-immunization, 

followed by symptom relapse and remission [56] 

13-2. TMEV EAE Animal Models 

Theiler’s Murine Encephalomyelitis Virus (TMEV) models play a crucial role in investigating 

the involvement of immune cells and viral factors in promoting neuro-inflammation and 

demyelination. These models are particularly useful for studying the polarization of microglia and 

macrophages into either pro-inflammatory or anti-inflammatory states, which significantly 

contribute to the pathogenesis of MS. The relapsing-remitting experimental autoimmune 

encephalomyelitis (R-EAE) model closely resembles relapsing-remitting MS (RRMS) [63]. In this 

model, acute inflammation typically begins around 15 days after immunization, followed by a relapse 

phase occurring between 25 to 30 days, which then resolves. In SJL/J mice, spontaneous relapsing-

remitting EAE is induced by myelin oligodendrocyte glycoprotein (MOG)-reactive transgenic T cells 

that recruit endogenous MOG-specific B cells, amplifying the autoimmune response [64,65]. TMEV 

infection leads to an upregulation of immunoglobulin-related genes and facilitates the migration of 

mature B cells across the blood-brain barrier, where they produce intrathecal antibodies and present 

antigens, thereby sustaining chronic inflammation and autoimmunity. This virus is an excellent 
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model for studying T cell-mediated demyelination in susceptible mouse strains following viral 

exposure. The disease induced by TMEV is biphasic, with an initial acute phase of viral infection and 

neuronal damage, followed by a chronic phase characterized by immune-mediated demyelination. 

This biphasic nature allows researchers to explore viral persistence and chronic inflammation, 

features that parallel molecular mimicry and bystander activation mechanisms observed in MS [66–

68]. The autoimmune response is initially dominated by CD4 but taken over later by CD8 [69]. 

Microscopic examination of TMEV-infected tissue reveals significant myelin abnormalities, 

including vesiculation and splitting between the myelin layers surrounding axons. Mononuclear cell 

infiltrates, consisting of lymphocytes, macrophages, and plasma blasts, are found near white matter 

lesions and in periventricular regions. Vacuolation of oligodendrocyte cytoplasm, a hallmark of 

demyelination, is also observed. Immuno-peroxidase staining combined with electron microscopy 

has detected TMEV viral antigens within the inner and outer glial loops of myelin in infected SJL/J 

mice, indicating primary infection of oligodendrocytes. Structural studies show that axonal damage 

can occur even when the myelin sheath appears intact, with swollen axons, vacuoles, and abnormal 

spacing between myelin lamellae. These changes weaken the myelin structure, compromising its 

insulating function and impairing axonal signal conduction [68,70]. 

13-3. Non-Human Primate EAE 

Callitrichine gammaherpesvirus 3 (CalHV3) is a simian ©1 herpesvirus that, just like it’s human 

counterpart EBV, causes latent infection of B cells [71]. Complete genomic sequence of the simian 

EBV-related lymphocryptovirus virus infects marmosets and shares physiological and pathological 

characteristics with EBV infection of CD20-expressing B lymphocytes and other cell types in humans 

[72,73]. In EAE models, CalHV3-infected B lymphocytes promote autoimmune responses similarly 

to EBV’s influence on MS development. In non-human primate EAE models, such as those involving 

marmosets, MOG and the major capsid protein of CMV become targets of the immune response [74]. 

This supports the hypothesis that CMV infection generates a repertoire of potentially autoreactive T 

cells, which, through molecular mimicry, may attack MOG-expressing oligodendrocytes. 

Despite the valuable insights gained from non-human primate and murine EAE models, these 

systems have notable limitations in replicating the full spectrum of human MS pathology. Cortical 

lesions, which are a hallmark of chronic MS and often correlate with cognitive decline and disease 

progression, are rarely observed in standard murine models [75]. This discrepancy makes it difficult 

to translate findings related to myelination abnormalities and remyelination from murine models to 

human MS. Additionally, rodent models tend to exhibit greater remyelination than typically seen in 

human patients, which may lead to overestimation of the potential efficacy of candidate therapies 

targeting repair mechanisms. As noted by Peterson et al. (2001), the rarity of cortical lesions in murine 

models limits their ability to fully replicate the pathological features of MS [72], while Plemel et al. 

(2017) highlight that rodent models may provide misleading conclusions regarding remyelination-

based treatments [76]. 

References include Cho et al. (2001) [72] who characterized the genomic sequence of CalHV3 

and its relation to EBV, Jagessar et al. (2013) [74] who discussed the role of EBV-infected B cells in 

primate EAE models, and Axthelm et al. (2011) [75] who explored γ-herpesvirus-induced 

demyelination in macaques. The virus studied by Axthelm and colleges is a γ2-herpesvirus more 

closely related to KSHV than to EBV [77]. Studies by Kutzelnigg et al. (2005) [78] and Bevan et al. 

(2020) [78] provide insights into cortical demyelination in MS and its limited representation in EAE 

models. 

13-4. HHV-6A 

Human herpesvirus 6A (HHV-6A) is known to infect humans later in life and exhibits a stronger 

preference for CNS tissue compared to its closely related counterpart, HHV-6B. Immuno-

histochemical studies have detected HHV-6A antigens within oligodendrocytes both inside and 

adjacent to MS lesions, suggesting a possible involvement of this virus in MS development [79]. 
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Polymerase chain reaction (PCR) analyses have identified HHV-6A DNA in the CSF and serum of 

individuals with MS, with HHV-6A being detected more frequently in MS lesions than HHV-6B. 

Evidence of active infection or viral reactivation is indicated by elevated levels of immunoglobulins 

IgG and IgM against HHV-6A antigens during periods of MS relapse [80]. Additionally, high 

concentrations of HHV-6A DNA have been found in the serum and urine of MS patients. Although 

these findings point toward a potential role for HHV-6A in MS pathogenesis, the precise mechanisms 

remain incompletely understood. It is hypothesized that HHV-6A may contribute to autoimmunity 

in MS through several mechanisms, such as the release of citrullinated cellular debris following virus-

induced cell lysis, aberrant expression of major histocompatibility complex (MHC) molecules, 

molecular mimicry, or persistent activation of immune cells [80,81]. Interestingly, marmosets have 

been infected with HHV-6A, inducing neurological disease [82]. 

While HHV-6B can infect glia, it has a wider cellular tropism is more [83,84]. These viruses 

establish an initial infection with and the capacity to reactivate later especially in the immune 

compromised [85]. Treating HHV-6 reactivation infections is a challenge due to difficulties in its 

diagnosis and shortage of HHV-6 effective anti-antivirals [86]. As in neurons, immunocytochemistry 

revealed the HHV6-A viral proteins 101K and P41 and proximal to lesions [87]. HHV-6B was detected 

in the cytoplasm of neurons within gray matter in proximity to lesions and in the NAWM at lower 

amounts in MS subjects. HHV-6B was also detected in controls, though only MS subjects had HHV-

6B nuclear staining in oligodendrocytes [87]. A 1996 study by Sanders and co-workers detected HHV-

6 along with other members of the Herpes family in MS subjects as well as in controls via PCR, 

especially at MS lesion locations [88]. There was no distinction of HHV-6A and HHV-6B variants, 

due to lack of as variant-specific PCR assays. The observation of HHV-6 in healthy controls implicates 

HHV-6 as a commensal virus. HHV-6B is known to infect infants at an early age with a tropism for 

the CNS. A rash known as Roseola Infantum presents itself in toddlers after infection with HHV-6B, 

and sometimes complications occur [89]. HHV-6A is a plausible candidate for initiation of the first 

steps in MS development because it is neurotropic and cytopathic [90]. 

HHV-6 thrives in a host with a deficient immune response towards antigens of the herpes family 

[91]. The Natural killer cell (NK) immune response has been observed to be reduced in those with 

MS. HHV-6 IgG levels are also observed to be higher in those presenting with EBV primary infection 

and during the period before and at MS diagnosis. [92]. Recently, it was also observed that HHV-6A 

IgG increased preceding an increase in serum neurofilament light chain (sNfL), a marker of axon 

destruction [93]. HHV-6A u94A alters the ODC cytoskeleton, contributing to ODC dysfunction [94]. 

These observations suggest that HHV-6A has the capacity to worsen Endoplasmic Reticulum (ER) 

stress and create abnormalities in UPR pathways in cells of neural origin [95]. HHV-6A has the 

potential to induce apoptosis by various mechanisms, including Caspase-3 and Caspase 9, enzymes 

involved in the ODC apoptosis process activation [96,97], in fetal astrocytes. Bax (Bcl-2-associated X 

protein), a pro-apoptotic protein becomes upregulated while Bcl-2 (B-cell lymphoma 2), anti-

apoptotic protein, involved in reduction of apoptosis is down regulated. HHV-6A brings about poly 

(ADP-ribose) polymerase cleavage. (ADP-ribose) polymerase is a substrate of activated caspase-3 

activation [97]. HHV-6A likely induces a "dying back" phenomenon involved in demyelination and 

the potential apoptosis of ODC’s. HHV-6A can induce caspase independent and dependent 

pathways of apoptosis in fetal astrocytes [97]. HHV-6A mRNA was expressed at a moderate level in 

NAWM compared to healthy controls and MS lesion locations having the most HHV-6A mRNA 

expression [98]. HHV-6A has the capacity to induce apoptosis [99]. A dying back phenomenon 

characteristic of demyelination may occur before induction of caspase independent apoptosis due to 

cellular stress [96]. This preferential infection of oligodendrocytes by HHV-6A suggests an 

underlying medium for the initiation of MS pathology from within the CNS [93]. Myelin debris from 

apoptotic ODC's undergo citrullination and drain to cervical lymph nodes [100], where putatively 

auto-reactive T and B cells are activated [101]. 

HHV-6A DNA and proteins have been found within and in proximity to CNS lesions, including 

CNS tissue devoid of inflammation. For example, Engdahl et al. (2019) reported that “MS patients 
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showed a significantly higher frequency of anti-HHV-6A antibody responses compared to controls, 

and these responses were associated with elevated serum neurofilament light chain prior to MS 

onset.” This finding is supported by Virtanen et al. (2023), who observed that HHV-6A DNA is more 

commonly detected in active MS plaques than in non-lesional white matter,” implicating viral 

persistence and injury to neural tissues. suggesting a potential temporal relationship between viral 

presence and neuroaxonal injury. 

Perhaps HHV-6A may also not play a direct role in the development of MS lesions. As reviewed 

by Opsahl and Kennedy (2005) [98], “the detection of HHV-6 DNA in MS lesions could represent an 

epiphenomenon, reflecting viral persistence in areas of tissue damage rather than a causal 

relationship.” Leibovitch and Jacobson (2014) [102], suggest “current evidence is insufficient to 

distinguish whether HHV-6A is a primary driver of lesion formation or a bystander accumulating in 

inflamed tissue.” There are also non-consistent findings of anti-HHV-6 antibody levels in CSF and 

serum. Alvarez-Lafuente et al. (2006) [103], who found “no consistent pattern of HHV-6 antibody 

elevation in MS patients compared to controls.” Lassmann (2018) [104] states “true causality requires 

demonstration that targeting the virus can alter disease trajectory, which remains to be shown in 

human studies.” 

14. Citrullination of Myelin and HHV6-A 

The link of HHV6-A inducing ODC blebbing via citrullination of myelin is not directly shown 

in the literature. However, it may be a candidate for such a relationship due to HHV-6A caused 

molecular mimicry via HHV6-A u24 protein homology with myelin basic protein (MBP), bringing 

about Th-17 driven autoimmunity towards myelin-related proteins [105]. Caspase-independent ODC 

death via necroptosis caused by supernatants from HHV-6A-infected ODC's would contribute to the 

induction of the autoimmune response [99]. The association of very high HHV-6A IgG in those at 

risk and who develop MS compared to healthy controls suggests a reduced capacity to control 

transactivated HHV-6A [92]. HHV-6A is often found in a latent state in NAWM. In an active 

replication state, HHV-6A induced syncytium formation independent of caspase 3 via cell culturing 

of ODC's [98]. HHV-6 mRNA expression is a tell-tale sign of an active replication cycle [92]. Immune 

deficiency reduces control of latent HHV-6A and increases the probability of replication mediated 

toxicity to ODC's. There is a reduction of UL16 Binding Protein 1 (ULBP1), a ligand for NKGD2, 

which is stress induced. HHV-6B can down regulate NKG2D, an activating receptor which identifies 

stress induced ligands in virally infected and other dysfunctional cells and NKp30 ligands, 

cytotoxicity receptors which recognize ligands involved in immune regulation and cellular lysing 

making it easier for HHV-6 to hide from immune surveillance. HHV-6B can also decrease UL16 

Binding Protein 3 (ULBP3) expression which reduces NK cell recognition of virally expressing cells 

[106]. Th-2 response can be promoted by inducing IL-10, and HHV-6A, modifying signaling inside 

NK cells involved with sensing external antigens by downregulating MHC-1 [107,108]. 

15. HHV-6 and Immune Deficiency in MS patients 

A medical report presents a female who experienced a mononucleosis-like illness after HHV-6A 

infection, which resolved. The patient had normal immune parameters with a presence of a potential 

deficit towards HHV-6A. There was a resolution of the symptoms of the HHV-6A Infection, including 

encephalomyelitis. A month later, the patient seroconverted to a new EBV infection with symptoms 

of mononucleosis [109]. This case study shows that HHV-6A has the capacity to induce neuro-

inflammation even in adult patients with competent immune responses to antigens other than the 

herpes family. HHV-6A replication in progenitor and adult ODCs may lead to abnormalities found 

in NAWM preceding MS lesions. 

NK cells and immune deficits towards HHV-6 Killer cell Immunoglobulin-like Receptor 

(KIR2DL2), an inhibitory receptor on NK cells, can impair the immune response against HHV-6A, 

leading to persistent viral infection via disrupting the antigen presentation of herpes-related antigens 
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[110]. KIR2DL2 allows for evasion of HHV-6 from the human immune system. People with the 

KIR2DL2 gene have higher levels of HHV-6A DNA in their blood and cerebrospinal fluid, correlating 

with increased disease activity and progression in MS patients [111]. The gene's inhibitory effect on 

NK cells reduces the clearance of HHV-6A-infected cells, leading to sustained viral replication and 

increased inflammatory responses. The relationship between KIR2DL2 and control of neuro-trophic 

MS-inducing viruses underscores the importance of genetic and viral factors in MS disease 

progression. HHV-6A production can occur due to NK cell dysfunction, and poor presentation of 

antigens of the herpes family [29]. Localized HHV-6A residual replication in those susceptible to MS 

is correlated with rising neurofilament light chains (NFL) in blood/CSF [93], and the association with 

KIR2DL2 raises the prospect for reduced control of localized spread of HHV-6A [111]. A study by 

Goldman (2003) involved a study of live biopsy tissue from five people who developed MS. Patients 

presented with acute lesions that were initially considered to be tumors, influencing the decision to 

initiate the biopsy of the patient nervous tissue. The lesions revealed the presence of HHV-6 within 

inflamed acute lesions as well as areas of the white matter that are not inflamed .HHV-6’s presence 

in inflammatory lesions and in tissue not inflamed suggests that the virus may also be involved in 

MS development besides its commensal nature [112]. Recent findings have revealed that HHV-6A 

could be present in central nervous tissue before symptoms of MS [93]. This finding has reinforced 

earlier research on potential for HHV-6A involvement in demyelination [102]. HHV-6A can induce 

cytopathic effects both in a direct and indirect manner [113]. HHV-6A has the capacity to infect ODC’s 

and precursor cells causing disruption of ODC function and abnormalities in cellular structure [114]. 

Vesicles between myelin layers can develop [115]. Vesiculation may be a non-specific response due 

to disruption of normal ODC function [114]. 

Interestingly, a study from Genuine and Raine in Nat Med 1999 revealed myelin vesicularization 

in MS enables binding of (cytopathic) anti-MOG antibodies. Both in MS and in marmoset EAE [116]. 

HHV-6A has the capacity of inducing latency and undergoing reactivation and limited replication in 

ODC’s inducing cellular stress and perhaps influencing the observed relapsing phenomenon [117]. 

Residual segments of myelin sheath characterized as short and vacuolated were observed in an 

immunocompetent 21-year-old female presenting with HHV-6A infection and Fulminant 

Demyelinating Encephalomyelitis [118] This occurs as demyelination progresses resulting in 

blebbing of myelin and development of vacuolated short residual segments which are swollen empty 

spaces within the myelin sheath [119] This is because there is myelin breakdown and phagocytosis 

of myelin by macrophages [120]. There is also a dysfunction in axon-myelin signaling due to 

glutamate receptor dysfunction [121]. 

16. CNS Antigen Drainage in Cervical Lymph Nodes. 

The drainage of CNS antigens including CSF, interstitial fluid (ISF) and immune cells into the 

cervical lymph nodes is facilitated by lymphatic tissues sourced from meningeal tissues [122]. The 

meningeal vessels allow for immune surveillance via immune cellular traffic including dendritic cells 

[123]. The meningeal vessels are located beneath the skull in the dorsal and basal positions. CSF enters 

the lymphatics of the nasal area via drainage via the cribriform plate. The traffic of T cells and antigen-

presenting cells is facilitated by basal meningeal vessels [100,123]. There is a correlation between 

myelin antigens in the cervical lymph nodes and the progression of Multiple Sclerosis [124]. Like 

CalHV3 in Marmosets, EBV infection of human CD20-bearing B cells delays digestion of citrullinated 

myelin fragments, which may prolong the opportunity for presentation of neo-antigens, which may 

set the stage for the generation of autoimmune responses to neural antigens like Myelin 

Oligodendrocyte Protein (MOG) [125]. Co-repression of EBV and HHV-6A immunoglobulins (IgG), 

is a marker of reduced control of latent infection of both viruses, which can assist each other in 

promoting abnormal cellular activation via computer viral transactivation [126]. It has been 

established that presentation of citrullinated myelin to immune cells in the periphery can induce 

differentiation of various lymphocytes facilitating autoimmunity towards neural proteins [45] 
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Louveau et al. (2018) [127] suggests that the surgical removal of meningeal vessels leads to a 

reduction in the traffic of CNS antigens to the cervical lymph nodes. There is a reduction of T cell 

activation and a decrease of symptoms related to EAE and a decrease in antigen presentation to other 

lymphocytes Da Mesquita et al., 2018) [127], Rustenhoven et al. (2021) [128] reported that “myelin-

laden antigen-presenting cells are routinely detected in cervical lymph nodes of both EAE mice and 

MS patients.”      

It is unclear if caspase-independent necroptosis of oligodendrocytes occurs. Findings from Ito et 

al. (2016) [129] suggest that necroptosis may occur due to inflammation. Necroptosis is also found in 

CNS tissue undergoing demyelination Lloyd et al., 2019) [130]. Ofengeim and Yuan (2013) [131], state 

“the precise contribution of necroptosis to oligodendrocyte loss in MS lesions awaits further 

validation in animal models.” As Engdahl et al. (2019) [132] note, “increased serological response 

against human herpesvirus 6A is associated with risk for multiple sclerosis,” suggesting HHV-6A’s 

association with MS. That viral infection may be an early event in disease development [133], 

potentially inducing citrullination and blebbing of myelin, central to oligodendro-gliopathy [134], 

which may precede inflammation among latently infected ODC due to the u94 protein associated 

with the latent infection of ODC [135]. 

17. MS as a Tripartite of Herpesviruses (CMV, EBV, HHV6). 

It is suggested that MS is a trialogue between 3 herpes viruses: 1. HHV-6A, causing oligodendro-

gliopathy and transient neurological dysfunction [82], leading to the development and collection of 

citrullinated myelin in the cervical lymph nodes [100], 2. EBV transformed B cells into highly effective 

APC, which acquire the capacity to migrate to the CNS [136], and 3. CMV induces a myelin cross-

reactive repertoire of effector memory cytotoxic T cells mediating autoimmune responses, and is 

capable of eliciting MS-like pathology in a marmoset model [137]. 

18. Consequences for the Therapeutic Approach to the Disease. 

The issue with current and past imaging studies involving HHV-6A and its impact on the dying 

back phenomenon is that most research groups have used oligodendrocyte culture from neonatal or 

embryonic tissue in the absence of axons or neurons, complicating observation of a dying back 

pathology. If co-culture systems are used (adult oligodendrocyte and neuron), HHV-6A's impact on 

axon function could be better studied. Research using 3-dimensional organotypic nature cultures 

would be a better representation of in vivo conditions [138]. NFL levels, which highlight axon 

destruction, give another clue to understanding MS pathogenesis. NFL levels before EBV infection in 

those who later develop MS are about the same as EBV-positive healthy controls. The NFL levels rise 

dramatically after EBV exposure in those developing MS [27]. This would support the hypothesis 

that EBV aggravates axon injury through co-transactivating HHV-6A at the time of primary EBV 

infection. The concept of the Wilkins lesion was developed by Terrence Wilkins in 1990 [2]. A primary 

lesion brings about the release of autoantigens, which are detected by and activate a hyperactive 

immune state. It is postulated that replication from HHV-6A could induce this type of lesion due to 

its ability to induce cellular toxicity to neural cells. While the inside-out model highlights the primary 

role of CNS-intrinsic factors in initiation, the importance of the adaptive immune response in disease 

progression remains evident. 

19. Future Research Directions 

To further validate and expand upon the inside-out model of MS pathogenesis, several key areas 

of research should be prioritized: 1. In vivo imaging of early oligodendrocyte dysfunction and myelin 

changes in preclinical MS models. 2. Specific biomarkers to monitor ODC damage. 3. Understanding 

viral trans activations between HHV-6A, EBV, and HERVs and how they encourage each other in 

promoting neurodegeneration. 4. Applying proteomics to increase sensitivity and detection rates of 

infectious pathogens which encourage neurodegeneration, especially for HHV-6A, HERV's and EBV 
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in MS-related lesions and NAWM. 5. Elucidation of the precise role of citrullinated proteins and 

amyloid aggregates in triggering and perpetuating MS. 6. Characterizing the degree of induction of 

UPR in ODCs and glia due to initiation of HHV-6A replication and productivity of the viral life cycle. 

The effect of anti-HHV-6A pharmaceuticals in halting the replication of HHV-6A’s contribution to 

furthering MS pathogenesis. 
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