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I. Abstract  

Keywords: Multiple sclerosis, monozygotic twins, discordance, Epstein–Barr Virus, cellular immunity, immunopathology 

This review used four different classical twin design studies to provide insight into 

immunopathogenesis of multiple sclerosis (MS), into the origin of MS and into the initial phase prior 

to the exacerbation of MS.  

MS is the most common neurodegenerative disease in young adults. MS onset is typically between 

20 and 40 years of age and is characterized by reversible episodes of neurological dysfunction. 

Eventually, progression of MS results in irreversible neurological dysfunction called secondary 

progressive MS. The prevalence of MS is highly variable; women and individuals from European 

origin are predominantly affected by MS. Whether this is due to genetics, environmental effects, or 

interplay between both is not completely understood. Vitamin D deficiency together with the 

environmental effect of residence in high-latitude regions have been linked to an increased 

prevalence of MS. Especially the HLA-DRB1*15:01 haplotype together with Epstein–Barr Virus (EBV) 

infection is highly associated with MS pathogenesis. Many different factors possibly contributing to 

MS pathogenesis have been studied in the past decade, yet the origin of MS is still not completely 

understood. To increase understanding how MS pathogenesis is induced, heritable and 

environmental risk factors will be discussed in combination with monozygotic (MZ) twins discordant 

for MS.  
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II. Abbreviations 

ANO2 Anoctamine 2 

BBB Blood Brain Barrier 

BCR B-cell Receptor 

CIS Clinically Isolated Syndrome 

CMV Cytomegalovirus 

CNS Central Nervous System 

CSF Cerebrospinal Fluid 

DC Dendritic Cells 

DZ Dizygotic 

EBNA1 EBV Nuclear Antigen 1 

EBV Epstein-Barr Virus 

EDDS Expanded Disability Status Scale 

GWAS Genome Wide Associations Studies 

HLA Human Leukocyte Antigen 

MBP Myelin Basic Protein 

MHC Major Histocompatibility Complex 

MMP Matrix Metalloproteinases  

MRI Magnetic Resonance Imaging 

MS Multiple Sclerosis 

MZ Monozygotic 

NIC Non-inflammatory Controls 

NK Natural Killer Cells 

OCBs Oligoclonal Bands 

OR Odds Ratio 

RRMS Relapsing - Remitting MS 

SCNI Subclinical Neuroinflammation 

scRNA-seq Single Cell RNA Sequencing 

SPMS Secondary Progressive MS 

TCR T-cell Receptor 

t-SNE1 t-Distributed Stochastic Neighbour Embedding  
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Introduction 

Multiple Sclerosis  

MS is a multifactorial immune mediated neurodegenerative disease of the central nervous system 

(CNS) in young adults. MS is a heterogeneous disease caused by genetic and environmental 

interaction and is characterised by brain and spinal cord inflammation, demyelination and axonal 

degeneration 1. The pathology is generally assumed to initially start in an immune mediated manner 

in which a large variety of immune cells invade the brain parenchyma initiating inflammation and 

forming the characterized demyelinating lesions in the white and grey matter of the brain and in the 

spinal cord 2. What provokes the immune cells and immune molecules like lymphocytes, antibodies 

and complement factors to migrate to the white and grey matter of the brain and the spinal cord is 

unknown 3. Four different classical twin design studies will be used to provide insight into 

immunopathogenesis of MS, into the origin of MS and into the initial phase prior to the exacerbation 

of MS. 

In MS patients the first encounter with the reversible episodes of neurological dysfunction is called 

clinically isolated syndrome (CIS) with an onset between 20 and 40 years of age. Recurrence of the 

neurological dysfunction is known as relapsing – remitting MS (RRMS). Relapses are recurring 

irregularly and usually last for days or weeks and characterize the initial phase of MS. In this initial 

phase of MS, axons and myelin-forming oligodendrocytes are spared but are eventually affected by 

the MS flare-ups resulting in complete or incomplete neurological recovery 3. Progression of MS 

pathogenesis results in an increase in incomplete neurological recovery and the development of 

motor neuron deficiencies, ataxia, fatigue and emotional problems 4. Eventually the aforementioned 

neurological deficiencies become apparent and permanent; the disease state is then changed into 

secondary progressive MS (SPMS) (Fig. 1).  



6 
 

 
Figure 1: Clinical course of MS pathogenesis. MS pathogenesis is initiated with the pre-symptomatic phase in which the 

patient is not affected by MS yet. The patients’ first episode of neurological dysfunction is called CIS. Irregularly recurring 

episodes are present in the relapsing-remitting phase which gradually develops into secondary progressive MS with 

permanent clinical disability 
2
. 

 

Environment and Genetics in MS 

The prevalence of MS is highly variable; MS is predominantly found in women (3:1 compared to men 
5, and in individuals from European origin. MS is rare in Asians, Africans, Native Americans, and 

Mãori. The prevalence ranges from one in a thousand (1:1,000) individuals in Western countries to 

two in a hundred thousand (2:100,000) in Asia 2. Whether this is due to an environmental or genetic 

effect, or interplay between both is not completely understood. Nevertheless, studies do show a 

correlation between higher latitude and an increased prevalence of MS 6. Vitamin D deficiency was 

proposed as an explanation of the aforementioned correlation however vitamin D is not the only 

cause contributing to MS 7. There are many more environmental factors thought to contribute to an 

increased risk in MS pathogenesis. Well-established risk factors for MS pathogenesis are infection 

with EBV in young adults, tobacco exposure and obesity. Other (extensively) studied risk factors are 

shown in figure 2 8.  



7 
 

 
Figure 2: Contributing factors in MS pathogenesis. OR, odds ratio indicates the increase in risk of developing MS. The 

combined OR is the combination between a genetic factor (HLA gene) and an environmental factor. The level of evidence is 

indicated as + (low level of evidence) in non-replicated observation, as ++ in reproducible case-control observations, and as 

+++ (high level of evidence) in large prospective studies or case-control observation supported by Mendelian randomization 

studies 
2,
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.  

Especially EBV infection is a risk factor highly associated with MS pathogenesis; up to 100% of the MS 

patients are seropositive for EBV. This is noteworthy since EBV infection is very prevalent; 

approximately 60 to 90% of the human population is infected with EBV yet the prevalence of MS is 

only 0.1% in the human population.  

Even more noteworthy is the almost complete absence of MS in seronegative individuals and their 

increased risk in MS when developing infectious mononucleosis due to EBV infection later in life 3. 

The low prevalence of MS in the general population could be explained by the number of 

autoreactive pathogenic B cells within the small fraction of B cells that are carrier of EBV (1–50 per 

106) 3, 9. Autoreactive pathogenic B cells infected with EBV could be able to affect the prevalence of 

MS, however this hypothesis is novel and the underlying mechanisms are still unknown.  

Genetics also play a role in MS pathogenesis and are often closely related with environmental risk 

factors. The HLA-DRB1*15:01 haplotype for example is involved in vitamin D deficiencies and could 

explain the prevalence of MS in the aforementioned latitude studies 2, 8. The major histocompatibility 

complex (MHC) was already identified in 1972 as major genetic risk factor 10 , but the development of 

sequencing technology provided a tool for rapid identification of new genetic mutations in MS. The 

use of genome wide association studies (GWAS) gave rise to the identification of new risk genes 

which had no link to MHC. The International Multiple Sclerosis Genetics Consortium identified 194 

risk genes for MS primarily associated with immune genes in 2017 11. To date 233 associations with 

MS susceptibility are identified which are involved in different innate and adaptive immune pathways 
5.  
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Immunopathogenesis of MS 

There is a wide distribution of MS susceptibility genes throughout the immune system in both innate 

and adaptive mechanisms. It is currently clear that every major immune cell subtype is enriched for 

MS risk genes, possibly affecting susceptibility to MS pathogenesis. Whether the susceptibility of MS 

pathogenesis is due to an altered function of one cell type or numerous different cell types 

contributing equally is unknown 5. MS is thought to be triggered by a disturbance of the immune 

system due to genetic susceptibility and an environmental trigger 12.  

Disturbance in the communication between the innate and adaptive arms of the immune system, in 

which naïve CD4+ T cells are primed to (self-)antigens of the CNS via dendritic cells (DC) or other 

antigen-presenting cells (APC) in the periphery, is thought to be an important step in the initiation 

and progression of MS 13. Primed naïve CD4+ T cells differentiate into Th1, Th2, and Th17 effector 

CD4+ T cells and migrate to the blood brain barrier (BBB) to secrete pro-inflammatory cytokines 

(predominantly, IFN-γ and IL17A) in the perivascular space attracting and activating microglia and 

macrophages 14. The BBB consists of endothelial cells and pericytes supported by astrocytes and 

resident brain macrophages called perivascular macrophages to maintain homeostasis, and prevent 

entrance of unwanted molecules (or pathogens) in the CNS 15. Presence of immune cells in the 

perivascular space is widely recognized in homeostasis as CNS immune surveillance 16.  

However, in pathological conditions, secretion of IL-17A results in dysregulation of the BBB, 

recruitment of B cells, dendritic cells, microglia and natural killer (NK) cells and an increase in CD4+ T 

cells which in-turn activate perivascular APCs and macrophages secreting matrix metalloproteinases 

(MMP) 2 and MMP-9. The MMP cleave the extracellular matrix, and disrupt the astrocytes, 

diminishing the barrier function of the BBB and thus enabling immune cells to enter the brain 

parenchyma. These infiltrates trigger a local immune response called a lesion which is characterized 

by damage to the myelin structures and axons, and presence of immunoglobulins and complement 

factors. The degree of demyelination and axonal damage is associated with the presence of CD8+ T 

cells and microglia 14.  

CD8+ T cells are often present in specific regions within lesions suggesting a specific antigen response. 

Interestingly, the TCR sequence is shared in CD8+ T cells subsets between distinct lesions, indeed 

suggesting a specific and shared (self-) antigen 17, 14. CD8+ T cell induced damage to myelin structures 

and axons in acute CIS is reversible at first, but becomes permanent during RRMS in which there is an 

absence of symptoms in MS patient in remission and presence of symptoms in relapse. In RRMS 

lesions complete or partial recovery of the myelin structures and axons is apparent 2, but these 

lesions become more active over time resulting in a complete disruption of the BBB, an increase in 

demyelination and axonal damage, and the clinical exacerbation of MS 14. Eventually, demyelination 

and axonal damage becomes irreversible resulting in SPMS characterized by neurological impairment 

18.  
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Classical Twin Design – Research in Twins 

There are many different proposed origins of MS, yet the etiology of MS pathogenesis is still 

unknown. The use of classical twin design studies could give more insight in pathogenesis of MS in 

humans.  

The classical twin design is derived from the interest in twins as early as 415 AD 19 and is used to 

compare phenotypical variance within twins. This method of comparing twins has been used for 

decades to create understanding pathogenesis. Especially the use of monozygotic (MZ) twins results 

in an increased understanding of genetic and environmental interaction in pathogenesis. MZ twins 

are considered to be genetically identical but can be phenotypically distinct for a biological feature; 

this is called discordance 19, 20. Comparing discordance between – or concordance within – twins can 

help to explain to what extent their phenotype is influenced by genetic or environmental factors. 

Currently, it is agreed upon, that both factors are important in affecting the phenotype, contributing 

to the understanding of complex pathogenesis as an underlying origin. The use of classical twin 

studies provides great insights in pathogenesis beyond heritability 19, 20. 

Despite MZ twins being extremely useful in pathogenesis, recent advances in sequencing techniques 

have challenged the assumption that MZ twins are genetically identical. Genetic discordance can 

already occur during embryonic development for example due to insertions, deletions, and 

postzygotic mitotic recombination. Similarly, epigenetic marks like methylation and histone 

modification can affect gene expression 21, 22. Moreover the somatic assembly of T- and B-cell 

receptors (TCR, BCR) produces a vast diversity of receptors for antigen recognition capacity 23. Thus, 

the TCR and BCR repertoire together with epigenetic marks are affected by an individuals’ exposure 

to unique pathogens inducing more discordance within monozygotic twins.    

 

Monozygotic Twins Discordant for MS 

Animal studies have provided essential information in the current concepts of MS pathogenesis and 

treatment, but cannot be fully compared to the complex interaction of the environment with human 

genes playing out over decades. Therefore it is important to highlight the continuing value and 

importance of twin studies in pathogenesis. Twin studies can provide essential information in (over 

time) biomarker profiles in for instance MS. The use of MZ twins discordant for MS in which one 

sibling is healthy and one has clinically definite MS could significantly increase our understanding of 

the early stages of MS pathogenesis. The co-twin has a 25 to 35 percent chance of MS pathogenesis 

due to heritability (Fig. 3) 1. By using twins discordant for MS it is possible to encounter a co-twin in 

the early stage of MS pathogenesis in which the symptoms are not clinically perceptible yet. The use 

of these so called alternative case-control studies gives insight into high risk factors and how they 

contribute to MS pathogenesis 19, 20.   
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Since heritable genetic risk factors account for a concordance rate of 25 to 35 percent in MZ 22 and of 

5% in dizygotic (DZ) twins of MS 1. Discordance within MZ twins indicates presence of, and 

interaction with, different strong environmental risk factors increasing the complexity in 

understanding MS pathogenesis. Environmental factors affecting MS pathogenesis could be due to 

exposure to antigens (e.g. EBV), epigenetics, random TCR and BCR development, immunoglobulin 

class switching and somatic hyper mutation 22, 8, 24   

Interestingly, emerging evidence suggests a prominent of the intestinal microbiota profile in 

pathogenesis. Chronic inflammatory diseases have been associated with an altered profile of 

intestinal microbiota and vice versa. Whether the change in microbiota profile or the development of 

chronic inflammatory disease is the initial trigger of pathogenesis is unknown. Looking into the 

microbial profile of MZ twins discordant for MS, no significant difference in microbiota profile was 

observed; only one change on species-level was demonstrated. Akkermansia species were identified 

to be increased in co-twins with definite MS. Germ-free RRMS mice were conventionalized using 

faecal transplantation of microbiota derived from a patient with definite MS to analyse the 

microbiota-dependent effect on MS. Interestingly, faecal transplants of donors with definite MS 

triggered spontaneous CNS autoimmunity in the RRMS model at higher rates than their healthy co-

twin and decreased IL-10 production 25. This study provides evidence of an MS-triggering intestinal 

microbiota profile in patients with definite MS. Indicating a distinct microbiota profile in twins could 

induce discordance for MS pathogenesis.  

 

Figure 3: Life time risk (%) of MS in families. Genetic sharing indicates the genetic similarity e.g. 100% in monozygotic twins 
1
. 
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Immune System Discordance is Common in Healthy Twins 

To start understanding the MS pathogenesis in humans it is important to first focus on 

immunological similarities and differences within discordant MZ twins, since MS is generally assumed 

to be an autoimmune disease. Increased understanding of the immunology in discordant MZ twins 

could possibly be beneficial in identification of a causal or correlational relationship with the 

aforementioned other risk factors for MS pathogenesis 22.  

Immune system discordance is common within the general population but also within twins 26. 

Whether this discordance in the immune system is due to heritable genes or the environment was 

studied in 210 healthy twins (78 MZ and 27 DZ) by Brodin et al. in 2015. This study is discussed here 

in more detail, providing extensive foundation for the subsequent analysis of selected papers on 

twins with MS. 

The author used 204 different parameters to study cell population frequencies, cytokine responses, 

and serum proteins.  

Immune cell phenotyping was used to analyse the variation in 72 subsets of the immune cell 

population. Interestingly, the heritable effect was undetectable in 61% of the subsets due to a 20% 

detection limit, indicating a strong environmental effect in the immune cell population. For example 

naive-, CD27+, and central memory CD4+ T cells were identified to have a strong heritable influence. 

Adaptive T- and B-cells, granulocytes, monocytes and NK-cells have a weak heritable influence. A 

weak heritable influence is associated with strong environmental effects 27. 

A slightly more moderate outcome was identified in 51 serum proteins which were analysed with 

serum protein quantification. In approximately 20% of the serum proteins the heritable effect was 

undetectable, indicating a weaker effect of the environment on serum proteins. For example 

cytokines IL-12p40 and IL-6 were identified to have a strong heritable influence. In contrast, 

cytokines IL-10, IL-1B and CD40L have a weak heritable influence and thus strong environmental 

effect 27.  

Immune cell signalling analysis was performed to study interaction of serum proteins with immune 

cells since immune cells are often regulated by serum proteins. Interestingly, the heritable effect was 

undetectable in 69% of all signalling responses. The homeostatic cytokines IL-2 and IL-7 were able to 

induce STAT5 phosphorylation in CD4+ and CD8+ T cells in a highly heritable manner and IFN-γ was 

able to induce STAT1 phosphorylation in CD4+ T cells. Nevertheless, most signalling responses due to 

IL-6, IL-21 and IL-10 were induced in a non-heritable manner indicating a strong influence of the 

environment in immune cell signalling 27.  

A strong environmental influence in immune cell population frequency, cytokine responses, and 

serum proteins was determined in 58%. However, this does not imply that there is no interaction 

between heritable genetics and the environment. For example, presence of IL-6 as a sole molecule 

was identified as a chemokine with a strong heritable effect, but in cell signalling IL-6 was able to 

induce phosphorylation of STAT1, 3 and 5 in a non-heritable manner. This finding confirms the 

interaction between heritable genetics and environmental factors on a single molecule 27.  

With the use of a Spearman Correlation Matrix, an immune network model was developed. Despite 

the model being dominated by environmental influences, it enabled the author to identify heritable 
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and environmental factors, whether strong or weak, to be intertwined. A single gene polymorphism, 

resulting in an increased susceptibility in for example MS, can only account for a small increase in MS 

pathogenesis due to the lack of an environmental factor 27.  

The authors furthermore suggested that the immune system is predominantly affected by 

environmental factors almost completely overshadowing heritable genetic factors with age. This 

suggestion was studied in the regulatory T cell population of twins less than or equal to (≤) 20 years 

of age and twins greater than or equal to (≥) 60 years of age. Indeed differences in immunity 

between twins became more apparent with age. Twins ≤ 20 years of age had low diversity in the 

regulatory T cell population. In contrast twins ≥ 60 years of age had high diversity in the regulatory T 

cells population. Similar age-related differences were identified in serum proteins and cell signalling 

resulting in an increase immunological diversity to their twin. The increase in immunological variation 

upon aging is associated with exposure to different antigens in life, shaping the individuals’ immune 

system 27. 

Lastly, MZ twins discordant for cytomegalovirus (CMV) infection were studied to observe the impact 

of a single environmental factor in immunological variation. MZ twins discordant for CMV showed 

great differences in effector CD8+ T cells and in IL-10 and IL-6 response. In fact, infection with CMV 

affected 119 of the 204 parameters analysed in MZ twins discordant for CMV. A shift in 58% of the 

analysed parameters of the immune system displays the enormous effect of a single factor on the 

immune system resulting in concordance 27.   

 

Box 1: Variation in the Human Immune System Is Largely Driven by Non-Heritable 

Influences 27  

 The immune system is initially dependent on heritable information but changes over 

time due to an individuals’ exposure to unique environmental factors.  Over time the 

environmental factors (and epigenetics) almost completely diminish the influence of 

heritability in immunity. Heritability plays a minor role in twin discordance, thus an 

environmental risk factor is often necessary to evoke pathogenesis. A single 

environmental factor (e.g. CMV) can have an enormous effect on the immune system 

resulting in discordance. 

 

Interestingly, there are similarities between CMV and EBV. CMV and EBV are both latent viruses and 

strongly associated with the immune system 28. The enormous impact of CMV as a single 

environmental factor affecting the immune system could also apply to EBV in MS pathogenesis. The 

initial event resulting into MS pathogenesis has yet to be discovered, but interplay of EBV as 

environmental factor in combination with heritable susceptibility is indeed known be a strong 

candidate.  
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Interplay between heritable and environmental effects in the initial event(s) in MS Pathogenesis  

Newly published data derived from genome-wide association studies (GWAS) of 47,429 MS and 

68,374 control subjects was used to establish a genomic map and is summarised in figure 4. The 

GWAS gave rise to the identification of 200 different MS susceptibility genes outside the MHC-

genome, 32 within the MHC-genome, and one chromosome X variant. The presence of an MS 

susceptibility gene in the X chromosome could possibly contribute to the understanding of the 

female/male sex bias 5.  

 

Figure 4: GWAS of 47,429 MS and 68,374 control subjects summarised in percentages. The overall susceptibility for MS 

pathogenesis in common genetic variation is 19% consisting for 21% of MHC, 18% of non-MHC and for 60% of still unknown 

variants. The rare genetic variation accounts for an additional 3.2% of the overall susceptibility. Taken together, common 

and rare genetic variation, respectively 19.2 and 3.2%, account for a relatively small effect compared to the complex 

genetic (e.g. epigenetics) and environmental effects (78%) 

The data derived from the GWAS can explain up to 48% of MS heritability. Risk genes are widely 

distributed across the immune system. Enrichment of MS susceptibility genes is observed in T cells 

and in recently reported B cells, but not in CNS-associated tissue, astrocytes and neurons. 

Interestingly, MS susceptibility genes were identified in the resident immune cells of the brain, the 

microglia. This implies a possible role in MS pathogenesis 5. 

The 200 newly identified non-MHC susceptibility genes can be used in the future to help in the 

identification of individuals at risk of MS pathogenesis to prevent interaction with MS-triggering 

environmental effects. But, the already established human leukocyte antigen (HLA) genes in MS, 

HLA-DRB1 and HLA-B were both identified to affect MS susceptibility even in six different ways 5. 

Indicating the established HLA genes are currently still the strongest risk factors in MS pathogenesis. 

Especially HLA-DRB1*1501 polymorphism and absence of A*02:01 are widely recognized in 

increasing the risk of MS pathogenesis when interacting with environmental factors such as EBV (Fig. 

2) 1 29, 8, 2, 3.  

EBV seronegative individuals are almost completely excluded in MS pathogenesis 3. However, 

infection with EBV in adolescence or early adulthood resulting in exacerbation of infectious 

mononucleosis increased the risk of developing MS by two-fold when compared to seropositive 

individuals infected in childhood 8. The finding in which EBV seronegative individuals became EBV 
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positive prior to MS onset indicated a strong association of EBV infection with MS pathogenesis 30. An 

increased presence of antibodies against EBV nuclear antigen 1 (EBNA1) is positively correlated with 

MS pathogenesis 8. Interestingly, the risk of developing MS is increased by 10-fold when there is 

interaction between the genetic risk factor HLA-DRB1*1501 and EBV 31. This finding confirms the 

strong association of EBV in MS pathogenesis but these findings do not explain the initial event(s) 

resulting in MS pathogenesis. 

To gain insight in the initial event(s) molecular mimicry has been proposed as a hypothesis to explain 

MS pathogenesis. Molecular mimicry is defined as dual recognition of a self- and non-self-peptide by 

a single T- or B-cell receptor. Dual recognition induces cross-reactivity of antibodies and T cells 

resulting in an autoimmune disease. However to confirm molecular mimicry is the trigger of 

autoimmunity it needs to be distinguished in one of the five levels of immunological cross-reactivity 

and match the four criteria to conclude an autoimmune disease is triggered by molecular mimicry. 

(Box 2) 32.   

It is hypothesized that the immune response against the EBNA1 peptide derived from EBV results 

into autoimmunity due to molecular mimicry. Cross-reaction between EBNA1 and myelin derived 

peptides have been demonstrated, suggesting EBV as a possible initial trigger of CD4+ T cells induced 

autoimmunity 33. The myelin basic protein (MBP) shares a similar amino acid sequence with EBNA1 

matches with 1 of the 5 different levels of cross-reactivity, possibly qualifying for molecular mimicry 

and thus could able to induce autoimmunity 32. Yet, autoimmunity to myelin derived peptides or the 

MBP is insufficient to induce MS pathogenesis since autoimmunity to both peptides is also present in 

healthy individuals 2. 

 

Box 2: Molecular Mimicry Defined 32 

There are five different levels of cross-reactivity: 1) “sharing of identical amino acid 

sequences and homologous but non-identical amino acid sequences” 2) “recognition 

of non-homologous peptide sequences by a single BCR or TCR” 3) “demonstrated that 

a single T cell can recognise different peptides in the context of different human 

leukocyte antigen (HLA) molecules” 4) immunological receptors recognise structural 

similarity in complex molecular structures and their binding preferences are not 

necessarily based on biochemical classification” 5) “mimotopes are peptides that are 

bound by either antibodies or T cells directed against unrelated antigens” 32. 

Moreover, four different criteria need to be matched: 1) “Establishment of an 

epidemiological association between an infectious agent and the immune-mediated 

disease” 2) “identification of T cells or antibodies directed against host target 

antigens in patients” 3) ‘’identification of microbial mimic of target antigen’’ 4) 

“reproduction of the disease in an animal model” 32. Text copied from: “The Guillain–

Barre´ syndrome: a true case of molecular mimicry” by Ang et al. 32 
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Interestingly, an observed interaction between the antibodies against non-self EBNA1 and self 

Anoctamine 2 (ANO2) aroused interest to study molecular mimicry between both molecules. ANO2 is 

a chloride channel protein expressed in the CNS with high amino acid sequence similarity with 

EBNA1. The author identified anti-ANO2 antibodies, and noticed that these ANO2 autoantibodies 

were increased in all stages of MS compared to controls. The combination of the genetic risk factors 

DRB1*1501 carriage and absence of A*02:01 together with ANO2 autoantibodies gave rise to an 

increased risk in MS pathogenesis. In contrast, the risk of MS pathogenesis in DRB1*1501 carriage 

and absence of A*02:01 together with EBNA1 antibodies was lower than with ANO2 autoantibodies.  

This finding indicates a stronger effect of ANO2 autoantibodies than EBNA1 antibodies in MS 

pathogenesis. Lastly, as expected sole presence of the genetic risk factors without presence of ANO2 

autoantibodies decreased MS pathogenesis confirming the importance of both environmental and 

genetic risk factors in MS pathogenesis 31. 

The molecular mimicry of EBNA1 and ANO2 is due to 7 out of 10 identical amino acids and high 

similarity in the ANO2-reactive epitope in 6 of the 12 amino acids identified by the immune system. 

Their cross-reactivity was tested in a competition assay to identify whether anti-ANO2 could react 

with EBNA and vice versa. Anti-ANO2 antibodies were able to block ANO2 and EBNA1 to the same 

degree. The opposite was also identified; anti-EBNA1 antibodies were able to block both ANO2 and 

EBNA1 molecules, however EBNA1 antibodies were more capable of blocking their own peptide than 

ANO2 31.  

Interestingly, ANO2 autoantibodies are already present prior to MS onset, but the presence of ANO2 

autoantibodies is extremely rare in the absence of EBNA1 antibodies prior to MS onset, respectively 

7 in 573 individuals. This could explain the necessity of EBV infection to induce ANO2 autoantibodies 

in MS pathogenesis. Moreover, EBV and ANO2 (auto) antibodies were both present in plasma and 

cerebrospinal fluid (CSF) with a similar reactivity 31.  

The DRB1*04:01 haplotype was identified to potentially have a protective effect on the presence of 

ANO2 autoantibodies and EBNA1. Focussing the DRB1*04:01 allele as potential treatment for MS 

could potentially result in the elimination of autoimmune ANO2-specific and anti-EBNA1 T cells in the 

thymus 31.  

Moreover, B-cells infected with EBV have been reported to be able to differentiate and activate in an 

antigen-independent manner neglecting negative selection. This activation could result in clonal 

expansion of autoreactive B-cells contributing in MS pathogenesis 31.  

In summary, all aforementioned studies gave interesting insights in the possible initial event(s) 

affecting the probability of MS pathogenesis illustrated in fold increase and increased odds. 

However, how this reflects on the immune cell population is unknown. Therefore, in the final section 

before the discussion, the discordance in the immune cell population of patients with MS will be 

discussed.  
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Changes in the Immune Cell Population of MZ Twins Discordant for MS  

The use of an aforementioned explained discordant twin study could hopefully elicit the event(s) 

taking place in immune cell population prior to MS pathogenesis.    

In this study the authors tried to identify changes in the cellular immunity in the earliest stage of MS 

possible, thus in the pre-symptomatic phase in which the disease is not exacerbated yet (Fig. 1). The 

earliest sign in MS pathogenesis, a small MRI lesion, will be referred to as subclinical 

neuroinflammation (SCNI).  The use of MZ twins discordant for MS, in which one sibling is healthy 

and one has clinically definite MS could provide essential information in biomarkers and cellular 

immune profiles over time 24.  

Single cell RNA sequencing (scRNA-seq) was used to gain an overview of the different cellular 

populations in the CSF of 16 different subjects (Fig. 5). The lymphocytes were isolated and their 

transcriptomes were determined by scRNA-seq. Then a comparison in lymphocyte populations was 

made between four different groups, SCNI (n=6), clinically definite MS (n=4), non-inflammatory 

controls (NIC, n=4), and autoimmune encephalitis (n=2). After analysis of the CSF, six of the eight 

clinically healthy co-twins showed signs of SCNI; within this group four of the six twins had 

oligoclonal bands (OCBs). Presence of OCBs is associated with the presence of antibodies in the CSF. 

Interestingly, the lymphocyte composition of the CSF did not show considerable differences between 

the four groups. The only difference is the absence of plasmablasts in NIC. Plasmablasts were 

identified in the CSF of subjects with SCNI; this is noteworthy since this could be the start of CIS. 

When focussing especially on individuals with SCNI it became clear that only subjects with OCBs had 

plasmablasts in their CSF. The use of t-distributed Stochastic Neighbour Embedding (t-SNE1) only 

identified presence of plasmablasts, which are already a distinct characteristic of SCNI subjects and 

thus the t-SNE1 method was not specific enough to distinguish between the different stages of MS 24.  

 

Figure 5: Characteristics of each test subject. No CSF was available from the co-twin’s corresponding MS twin. The column 

“time interval of disease discordance/disease duration (year)” indicates the time interval of discordance for MS or disease 

duration. Magnetic resonance imaging findings indicate the number of lesions found and the CSF results are the number of 

OCBs and cell counts per microliter). EDSS is the abbreviation of expanded disability status scale (EDDS). Figure adapted 

from “Early adaptive immune activation detected in monozygotic twins with prodromal multiple sclerosis” by Beltran et al. 

2019 
24

.  
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Recognizing different stages of MS was thought to be possible by analysis of clonal expansion of T 

and B-cells. A high percentage of clonal expansion was identified in MS patients (90%); in contrast 

SCNI patients had a clonal expansion of 20%. The strongest clonal expansion was identified in CD8+ T 

cells (29%) whereas only 9% of the CD4+ T cells were clonally expanded in MS (Fig. 6). Similar findings 

were observed in SCNI. In summary, clonal expansion could be useful as a biomarker for SCNI 

preceding MS onset, considering clonal expansion is predominantly present in B- and CD8+ T cells, 

and to a lesser extent in CD4+ T cells 24.  

 

Figure 6: Total counts of non-expanded (Non) and clonal expanded (Exp) CD4
+
 and CD8

+
 T cells in CSF of NIC, SCNI and 

MS. The percentages are normalized to the total number of cells within each individual. Figure adapted from “Early 

adaptive immune activation detected in monozygotic twins with prodromal multiple sclerosis” by Beltran et al. 2019 
24

.  

Clonal expansion is associated with inflammation and the presence of pathogenic activity. Therefore 

normalized expression levels of genes associated with T cell egress, tissue retention, inhibition, 

transcription factors, cytokines and migration and activation in expanded and non-expanded CD8+ T 

cells were compared between NIC, SCNI and MS (Fig. 7) 24. 
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Figure 7: Heatmap of expression levels in nonclonal- (non) and clonal expanded (exp) CD8
+
 T cells. Colour scheme of the 

expression of 25 marker genes is based on Z score distribution from -2.5 (blue) to +2.5 (red) Figure adapted from: “Early 

adaptive immune activation detected in monozygotic twins with prodromal multiple sclerosis” by Beltran et al. 2019 
24

. 

A gradual decrease in expression of genes associated with T cell egress occurs from NIC, via non-

expanded cells from SCNI to expanded cells in MS. Eventually all analysed genes related to T cell 

egress were downregulated, indicating a tissue-resident memory T cells (TRM cells) phenotype. The 

expression of CD69 (tissue retention), also a marker for TRM cells is increased in MS but not in SCNI. 

Interestingly, all identified changes in gene expression  between MS and SCNI are associated with the 

TRM cell phenotype. The genes are often upregulated in MS, when in contrast no or only little 

increase in expression is identified in SCNI. Almost similar patterns are identified in CD4+ T cells. The 

recruitment and maintenance of clonally expanded CD8+ T cells in the CSF of MS patients might be 

due to the significantly increased CXCR6, a receptor for CXCL16 indicating the presence of the CXCR6-

CXCL16 axis 24. In summary, MS patients are identified with a more TRM phenotype when compared 

to SCNI patients, and gene expression is different between non- and clonally expanded cells within 

SCNI and MS patients. The CD8+ T cells in MS and SCNI patients express markers of cellular activation 

and cytotoxity, however this is more apparent in clonally expanded T cells. Interestingly, the TRM 

phenotype is associated with different cell lineages present in tissue with reoccuring infections in 

which TRM cells managing the inflammation response to re-encountered pathogens 34. However, in 

case of MS, the inflammation is thought to be driven by CNS (auto) antigen.  
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The aforementioned findings give great insights in the different lymphocyte populations and their 

gene expression in SCNI and MS patients compared to NIC. However analysis in discordant twin pairs 

would provide more detailed information about the pathogenesis of MS. Interestingly, the individual 

expression patterns are surprisingly similar to the average pattern shown in figure 5. The TRM 

phenotype is predominantly present in the clonally expanded CD8+ T cells of MS patients with 

increased expression in genes associated with cytotoxic molecules, proinflammatory cytokines and 

MHC class II activation. The gene expression in clonally expanded CD8+ T cells is increased compared 

to the non-clonnaly expanded cells in MS and with SCNI and or healthy twins. Thus, based upon all 

findings, the presence of clonal activation and expansion in CD8+ T cells in the CSF could be the 

precursor of very early events leading up to clinically definite MS.  
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Discussion 

A brief overview in novel insights into MS pathogenesis is reported in this review using four different 

classical twin design studies to increase understanding of the initial phase prior to the exacerbation 

of MS and MS pathogenesis. The combination of GWAS and studies in (discordant) twins increased 

understanding of the possible underlying mechanism in the initial phase of MS pathogenesis. 

Respectively DRB1*04:01 haplotype, and EBV infection resulting in cross-reaction due to molecular 

mimicry are proposed as essential genetic and environmental risk factors to induce MS pathogenesis. 

The cellular population proposed to induce MS pathogenesis are clonal expanded CD8+ T cells with a 

TRM phenotype managing the inflammation response towards self-antigens of the CNS due to cross-

reaction with the EBNA1 peptide of EBV.  

Although CD4+ T cells were previously proposed as the cellular origin of MS pathogenesis in animal 

studies and CD8+ T cells were thought to be by-stander cells, based upon this review clonal expanded 

CD8+ T cells with a TRM phenotype appear to be the thriving cellular force in MS pathogenesis. 

However, this does not imply that CD4+ T cells are no crucial factor in MS pathogenesis. In fact, CD4+ 

T cells similarly display a TRM phenotype and are able to facilitate recruitment of immune cells into 

MS lesions assisting CD8+ T cells and inducing B cell maturation. Thus CD4+ T cells could be the cause 

of antibody secretion in the CSF resulting in OCBs useful as early immunological marker for MS 

pathogenesis 34, 24.  

Until recently the key question how autoreactive lymphocytes were recruited to the CNS was 

unanswered. Emerging evidence proposed that cells with a TRM phenotype are thought to be 

responsible for lymphocyte recruitment. However, this does elucidate the initial cause resulting in 

MS pathogenesis.  

Suggested is that the initial cause of MS pathogenesis could be due to molecular mimicry resulting in 

cross-reaction between non-self EBNA1 and self ANO2. However, based on the low prevalence of 

MS, a strong autoreactive lymphocyte (escaped from positive selection in the thymus) needs to 

encounter the EBNA1 epitope on an EBV infected cell recognizing, and inducing an immune response 

towards ANO2 instead of EBNA1. The initial cause of MS pathogenesis could also be initiated due to 

antigen-independent B cell maturation of a strong autoreactive B cell. However this hypothesis is 

novel and the underlying mechanisms are still unknown.  

Future perspectives 

It would be very interesting to combine and repeat the study of Beltran et al. and Tengval et al. in a 

classical twin design with an increased sample size to characterize the phenotype of MS in an early 

phase. Using scRNAseq to identify different immune cell phenotypes and their gene expression, and 

the possibility to detect EBV and anti-ANO2 antibodies in the blood and/or CNF could significantly 

increase our understanding of MS pathogenesis and could result in the identification of individuals at 

risk. Moreover, this information in cellular immunity could be used to fabricate personalized 

medicine increasing treatment of MS.  
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Ethical impact 

The currently identified 233 susceptibility genes for MS pathogenesis (Fig. 4) will possibly be 

increasing odds of MS pathogenesis. However, increased odds do not necessarily indicate 

development of the disease. Moreover, to detect MS in an early phase, prior to disease exacerbation, 

SCF samples need to be obtained which is a risky procedure.  
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