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Editorial on the Research Topic

Preventing Multiple Sclerosis

Multiple sclerosis (MS) prevention has been identified as a key aim across MS

research. Achieving this aim is complex—MS is relatively rare, there is a long lag between

many identified risk factors and clinical MS development, and many people exposed to

these risk factors never developMS. It is clear that MS has a complex pathogenic pathway

with contributions from, and interactions between, genes and environment.

In this Research Topic, we present a group of papers which seek to explore

opportunities and challenges around MS prevention, and how some of these may be

overcome. Tremlett et al. discuss whether further exploration of the MS prodrome,

which can be detected years prior to clinical MS diagnosis, could enhance prevention

efforts. By identifying those at the earliest stage of disease, prior to the development

of neurological disability, they argue that there needs to be a re-evaluation of the

risk factor literature, such that reverse causation during the prodromal period can be

considered. A greater understanding of both true risk factors, and factors acting on

disease progression during the prodromal period has the potential to inform prevention

and early disease modification prior to neurological symptom onset. Pediatric MS has

a complex aetiological pathway, with similar environmental risk factors identified to

adult onset MS. Hardy et al. argue that investigating environmental determinants in this

population overcomes at least some of the challenges associated with adult onset MS,

given the closer temporal association between risk factor exposure and disease onset.

One of the environmental factors consistently associated with MS development

in epidemiological studies is vitamin D deficiency. However, reverse causation and

lack of direct mechanistic evidence remains a concern. Haindl and Hochmeister

review the evidence from animal models, particularly mouse models, which provide

potential mechanistic insights around inflammatory disease, but add little to our

knowledge around the impact of vitamin D on progression. They highlight limitations

of such studies, including around dosage, the potential anti-inflammatory role of

UV light, and differing biology between EAE and MS. Gombash et al. review

whether vitamin D acts via immunoregulatory or direct neuroprotective mechanisms.

Immunological mechanisms have been demonstrated in both animal models and

human studies; vitamin D appears to have actions on both the innate and
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adaptive immune systems. There is also substantial evidence that

vitamin D acts as a neurosteroid, with the vitamin D reception

expressed throughout the developing and mature brain.

Infection with Epstein Barr virus has been identified as

a potential obligate step in MS development. Hassani et al.

demonstrate, via a rabbit model, that primary peripheral

EBV infection can lead to the virus traversing the CNS

within the cells it infects. Within the CNS, B lymphocytes

develop inflammatory cellular aggregates, the first direct in

vivo evidence for the role of peripheral EBV infection in CNS

pathology. Targeting EBV in order to prevent MS requires an

understanding of the most appropriate means to tackle and

potentially prevent infection. Kearns reviews the mathematical

and biological underpinnings of gene-environment interactions

with a focus on EBV, and discusses the implications for

EBV-focussed prevention interventions. Vaccination, anti-virals,

immunotherapies and cell-based therapies are all discussed as

potential strategies. Maple et al. take this a step further, with

an in depth discussion around EBV vaccination. The authors

highlight the two current approaches around vaccination—

either a prophylactic vaccine to prevent infection or disease,

vs. a therapeutic vaccine to treat people with EBV-associated

complications such as cancers. They argue that an EBV vaccine

to prevent IM is themost likely strategy to be tested and adopted,

but that vaccine hesitancy and high seroconversion in early

childhood are important considerations in any vaccine rollout.

Smoking prevention strategies are well-established in the

wider public health literature. Whilst many of these strategies

focus on non-MS health consequences of smoking, such as

cancer and vascular disease, the contribution of smoking to

MS development should not be overlooked. Manouchehrinia

et al. use a large population-based cohort to determine the

population attributable risk associated with smoking, taking

into account HLA type. They demonstrate that the overall

attributable fraction of MS associated with smoking is 13.1%,

with a higher point estimate in males (19.1%) than females

(10.6%), and that approximately half of the attributable fraction

due to smoking is independent of HLA-associated risk. This

highlights the importance of smoking prevention and cessation

efforts in terms of MS prevention.

Understanding transcriptomics may help to understand

how the risk factors highlighted in this Research Topic

influence disease development. Elkjaer et al. review the existing

literature on transcriptomic studies within the CNS. They find

support for MS as a whole brain disease, with inflammation,

iron disturbances, cellular stress, and hypoxia. They show

heterogeneity within MS at molecular level, contrasting with

the relative clinical homogeneity. This provides insight into

some of the complexities with MS prevention efforts—

targeting a highly heterogenous disease is likely to require

multimodal interventions.

The collection of articles within this Research Topic

demonstrates that for prevention efforts to have clinically

meaningful impact, identifying those at highest risk is key.

One potential strategy is secondary prevention at the earliest

disease stage. Amato et al. discuss predictors of evolution in

those with radiologically isolated syndrome, the earliest clearly

defined stage of MS. Disease modification studies are currently

being performed at these earliest stages, however these are

using licensed MS therapies rather than targeting modifiable

risk factors.

In order to move the prevention therapeutic window earlier,

Hone et al. highlight some of the challenges associated with MS

risk scores, including that performance metrics fall well short of

those required for a diagnostic or predictive test. Incorporating

cross-ancestry portability and environmental factors are key

considerations for clinical use. However, whilst we are unlikely

to be able to predict MS on an individual basis in the near future,

risk scores may be useful to identify high-risk populations for

preventive trials, such as EBV vaccination.

This Research Topic therefore demonstrates that there is

sufficient evidence to support action to trial interventions to

prevent MS, with clearly defined interventions in selected high

risk populations being key to success. Without the courage to set

up studies to understand the impact of interventions, the need

for prevention will remain unaddressed—this cannot continue

given the importance of this Research Topic.
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Vitamin D in Multiple
Sclerosis—Lessons From Animal
Studies
Michaela Tanja Haindl and Sonja Hochmeister*

Department of General Neurology, University Clinic of Neurology, Medical University of Graz, Graz, Austria

Multiple sclerosis is a multifactorial disease of the central nervous system with both

genetic and environmental causes. The exact disease mechanisms are still unclear.

Consequently, studies of possible treatment and preventive measures cover a large

setting of heterogeneous approaches. Vitamin D is one of these approaches, and in

many trials the relation of vitamin D serum levels and multiple sclerosis disease risk and

activity describes different effects with sometimes inconsistent findings. Animal models

are substantial for the research of disease mechanisms, and many of the drugs that

are currently in use in multiple sclerosis have been developed, tested, or validated via

animal studies. Especially when clinical studies show contradicting findings, the use of

standardized settings and information about the mechanistic background is necessary.

For this purpose, animal models are an essential tool. There is a variety of different

experimental settings and types of animal models available, each of them with own

strengths but also weaknesses. This mini-review aims to overview results of vitamin D

studies in different animal models and sums up the most important recent findings.

Keywords: multiple sclerosis, vitamin D, animal models-rodent, autoimmune diseases, therapy

INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system (CNS),
affecting about 2.5 million people worldwide. It is an autoimmune disease with targeted myelin
attack that causes demyelination (1, 2). Even though disease-modifying medications are capable
to reduce disease severity, the disease continues to worsen over the patient’s life span. Both
genetic and environmental factors contribute to disease development, but the exact mechanisms
are still not fully understood. Experimental autoimmune encephalomyelitis (EAE) in rodents is
the favored model for exploring neuroinflammatory aspects of the disease, while toxin-induced
demyelinating models like the cuprizone model are able to elucidate the cellular mechanism of
de- and remyelination (2–5). Vitamin D (vitD), or the lack of it, is one frequently discussed
environmental factor associated with MS, and its immunomodulatory ability has been widely
demonstrated (6, 7). Despite numerous studies suggesting a beneficial effect of vitD intake in MS,
there is still a controversy whether the supplementation can be used therapeutically (7). This work
will discuss and summarize recent data from animal models on this topic. For overview, in Table 1

and Figure 1 the chemical and metabolic background of the vitD metabolism is summed up.
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TABLE 1 | Chemical and metabolic background of vitD.

Shortcut Explanation

vitD In this manuscript the shortcut vitD sums up

vitaminD3 and any intermediate of vitaminD3

vitaminD3 Cholecalciferol (inactive)

vitaminD2 Ergocalciferol

7-DHC 7-Dehydrocholesterol

25OHD3 25-HydroxyvitaminD3

1,25(OH)2D3 1,25-DihydroxyvitaminD3, calcitriol (active)

VDR vitD receptors

There are different chemical forms of vitD to be distinguished (in this work, the shortcut

vitD sums up vitaminD3 and any intermediates). There are two sources of vitD; the majority

is generated via the skin in a non-enzymatic process; the minor part is gained via food.

The starting product 7-DHC is converted to Pre-vitD3 via UV-B irradiation. This pre-vitamin

isomerizes to vitD3 in a thermo-sensible process. VitD3 is converted to 25OHD3 in the liver.

The biologically active form of this vitamin is 1,25 (OH)2D3, generated via hydroxylases in

the kidneys. This active form is able to bind to VDRs, transcription factors, present in nearly

every tissue. Alternatively, 1,25 (OH)2D3 can be converted to the biologically inactive form

calcitroic acid for storage (1, 8).

FIGURE 1 | VitD metabolism. VitD can be obtained from two sources, food

(minor part) and skin (major part). The source for vitD2 are plants and fungi, and

the source of vitD3 are animals, especially fatty fish. The major source of vitD3

is produced nonenzymatically via the human skin: 7-DHC converts to PreVitD

which isomerizes via heat to vitD3. In the liver, vitD3 is converted to 25OHD3

via 25-hydroxylase; in the kidneys the biologically active form 1,25(OH)2D3 is

produced via 1alpha-hydroxylase. The active product either can bind to VDR

for correspondent outcome or is converted to calcitroic acid for storage.

Information upon vitD metabolism obtained from (8); drawings by MT Haindl.

DISEASE PREVENTION AND RISK
REDUCTION

Most studies investigating the capability of vitD to prevent MS
are based on EAE findings. There is prophylactic potential of
the association of myelin oligodendrocyte glycoprotein (MOG)

peptide and active vitD against EAE. Vaccination with a mixture
of MOG associated with vitD determines a reduction in CNS
inflammation, dendritic cell maturation, clinical score, body
weight loss, and production of cytokines, indicating that this
association tones down the autoimmune response and prevents
EAE. In other autoimmune conditions, there is a similar effect
expectable (9). However, not only immunization with a MOG-
vitD mixture has preventive effects. Also, very early intervention
with the active form of vitD controls neuroinflammation during
EAE development and was shown to decrease prevalence,
clinical score, inflammation, and demyelination. Furthermore,
a reduced major histocompatibility complex class II (MHCII)
expression in macrophages and microglia as well as the level
of oxidative stress and messenger RNA (mRNA) expression
for caspase-1, interleukin (IL)-1β, and others was observed.
These effects are accompanied by stabilization of blood–spinal
cord barrier permeability, indicating that early intervention
with vitD can control the neuroinflammatory process which
is one of the hallmarks of EAE and MS (6). Conversely,
low vitD levels are associated with increased risk of MS,
suggesting the possibility of a gene–environment interaction
in MS pathogenesis. VitD supplementation downregulates the
MHCII expression in EAE. The impact of vitD on one master
regulator of MHCII expression was investigated in 2020 on EAE
rats. An inverse vitD dose-dependent effect on demyelination and
inflammatory infiltration of the CNS, as well as downregulation
of some pro-inflammatory genes, indicated an impact of vitD
on pathophysiology and immune response during EAE. A
modulatory effect of vitD regarding genetic variances in MS is
therefore most likely probably relevant for the human disease
as well (10). Additionally, vitD may reduce the MS risk in part
through a mechanism involving myeloid cell vitD production
and CTLA-4 upregulation in CNS-infiltrating T-cells. Humans
with CTLA-4-inactivating mutations have an incompletely
penetrant cellular phenotype with hyperactive effector CD4+ T-
cells and a complex immune dysregulation syndrome. Another
EAE study found out that CTLA-4 might act as a vitD-regulated
immunological checkpoint in MS prevention (11).

INFLUENCE ON T-CELLS

The protective effect of vitD associates with decreased
proliferation of CD4+ T-cells and a lower frequency of
pathogenic T-helper (Th) 17 cells. Multiple pathways, critical for
T-cell activation and differentiation, seem to be affected by vitD.
For example, Jak/Stat, Erk/Mapk, and pi3K/Akt/mTor signaling
pathway genes were downregulated upon vitD supplementation.
VitD might modulate MS risk by changing myelin-reactive
T-cell expression patterns as observed in EAE. Additionally,
the role of vitD supplementation for prevention or treatment
of autoimmune diseases in general is supported because CD4+
T-cells are driving target organ destruction in autoimmune
diseases and many of the autoimmune loci are shared by
multiple autoimmune diseases (7). However, the influence of
vitD on T-cells seems to act not only via metabolic pathways
but also upon dendritic cells (DCs). DCs mediate immune
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response via their antigen presentation function, driving T-cell
differentiation. VitD has the ability to induce tolerogenic
DCs (VD3-DCs), increasing the negative regulatory signaling
pathway programmed death 1 (PD1)/programmed death
ligand 1 (PDL1). The expression of PD1 and PDL1 increases
significantly after vitD treatment, enhancing the activation
of this pathway. As a result, the activation of T-cells can be
inhibited and the number of Tregs is increased, promoting
immune tolerance (12). The induction of VD3-DCs further
inhibits the infiltration of T helper type 1 (Th1) and Th17 cells
into the spinal cord and increases the proportions of regulatory
T-cells and regulatory B-cells in peripheral immune organs,
thereby attenuating EAE (13). One dose of calcitriol plus vitD
is able to reverse EAE, resulting in increased CD4+ T-cell
transcripts, Helios protein, CD4+ Helios+ FoxP3+ Treg, and
global DNAmethylation. Calcitriol might drive a transition from
CD4+ T-cell to Treg cell dominance, recycling homocysteine
to methionine, reducing homocysteine toxicity, maintaining
DNA methylation, and stabilizing CD4+ Helios+ FoxP3+
Treg. Structural similarity in the responsible vitD-promoters
even suggests a similar regulatory mechanism for humans (14).
CD4+ T-cells have a cooperative amplification loop promoting
CD4+Helios+FoxP3+ Treg development, and this process is
disturbed when the vitD pathway is impaired (15).

Because of the role of T-cells in MS, glucocorticoids remain
the most commonly used substance in treating acuteMS relapses.
However, in approximately 30% of patients, a limited efficacy
of glucocorticoids is reported, often in patients with low serum
vitD levels. VitD increases glucocorticoid-induced apoptosis of
T-cells via upregulation of the glucocorticoid receptor (GCR).
With the help of two different EAEmodels with reduced or absent
GCR signaling, it was demonstrated that there are synergistic
effects of vitD and glucocorticoids, probably mediated through
mTORc1 signaling. Severe vitD deficiency is associated with
downregulation of an mTORc1 inhibitor in human T-cells. In
animals with T-cell-specific depletion of mTORc1 and in animals
receiving a specific mTORc1 inhibitor, the synergistic effects of
vitD/glucocorticoids on GCR upregulation, T-cell apoptosis, and
therapeutic efficacy in EAE failed (16).

Beside the direct influence of vitD on T-cells, also related
molecules such as cytokines and chemokines can induce powerful
changes. For example vitD increases the production of IL-4,
IL-10, and TGF-β while decreasing IFNγ , IL-6, TNFα, and IL-
17 production accompanied with a deviated balance between
Th1/Th2 and Th17/Treg to Th2 and Treg under middle and
high doses of vitD (17). Accordingly, vitD downregulates the
expression of some Th17 cell-related cytokines, key inflammatory
chemokines, and chemokine receptors in EAE considering a
possible therapeutic potential of vitD in future treating MS (18).

REMYELINATION

There is also recent literature available describing the effects
of vitD on remyelination. Most data are available on the
cuprizone model, since it is the easiest way of studying de- and
remyelination. One study found that there is a significant

increase MOG and 2
′

,3
′

-cyclic-nucleotide 3
′

-phosphodiesterase

(CNPase) expression in vitD-supplemented cuprizone-exposed
mice compared to control groups. MOG is a minor component
of the myelin sheath, but it has an important autoantigen link
to the pathogenesis of EAE whereas the protein CNPase is one
of the main proteins of myelin and its appearance seems to be
one of the earliest events of oligodendrocyte differentiation and
myelination. VitDmay play a role in the process of remyelination
by increasing MOG and CNPase expression in the cortex (19).
In another study, axonal damage during de- and remyelination
in the cuprizone mouse model was investigated. The authors
found significantly higher neurofilament preservation in the
high dose-supplemented inactive vitD group in comparison
to the low dose-supplemented group. High doses of active
vitD, however, given after the demyelination phase as well as
during remyelination did not influence axonal regeneration,
while inactive vitD, given before and during cuprizone exposure,
seems to have a protective effect on axons (20). VitD
might even have the ability to trigger neuronal stem cell
differentiation (21).

VitD AND MS PROGRESSION

After a disease duration of about 20 years, most MS patients
enter the progressive state of the disease with a steady worsening
of clinical neurological symptoms. Only little data are available
upon the question whether vitD could be a reasonable support
during progressive MS. Some clinical studies suggest a protective
role of higher vitD levels on myelin content in progressive MS
and an association between a low vitD status at the beginning
of MS and the early entry to the progressive disease state (22,
23). A most recent study however could not confirm these
assumption—vitD levels were not associated with the severity
of optical coherence tomography findings or low-contrast letter
acuity in their group of progressive MS patients (24). Clinical
studies may furthermore be hampered by the possibility that
severely affected progressive MS patients may have limited
sunlight exposure as a consequence of their disease rather than
as a cause. This demonstrates the need of more mechanistic
knowledge of the mode of action of vitD in progressive MS.
Unfortunately, there is no animal study addressing this research
question so far. More studies making use of recently established
animal models of progressive MS would be most welcome to
elucidate the mechanistical background of how vitD could affect
this disease state (25, 26).

ISSUES AND PROBLEMS

VitD Controversy
Even though the majority of animal studies affirm a beneficial
effect of vitD in experimental animal models of MS, there is also
a small list of literature suggesting that vitD is not capable of
positively influencing autoimmune diseases. VitD and sunlight
have each been reported to protect against the development of
EAE. Since exposure of ultraviolet (UV) light also causes the
generation of vitD, studies investigated whether the UV-based
suppression of EAE results, at least in part, from the production
of vitD. One study examined UV suppression of EAE in mice
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devoid of vitD receptor (VDR) and mice unable to produce 7-
DHC. UV light suppression of EAE occurred in the absence
of vitD production and in the absence of VDR (27). However,
it is possible that the UV suppression of EAE can further be
influenced by the active form of vitD. The presence of active vitD
surprisingly actually counteracted the suppressive effect of UV in
one study (28). Further investigations should focus on identifying
the pathway responsible for the protective action of UV in EAE
and presumably human MS (27). Two independent research
groups have demonstrated unexpectedly that vitD deficiency
blocks EAE development. In one study, the suppression of EAE
is even reported as a result from hypercalcemia and not as an
effect of the active form of vitD (28). Another study revealed that
a NBUVB light at 311 nm is responsible for the EAE suppression,
and this wavelength does not produce vitD. There are suggestions
upon a mechanism of EAE suppression independent of vitD,
whereas a remaining question is still whether the active form of
vitD has any impact on the NBUVB suppression of EAE (28,
29). These findings emphasize the need of further mechanistic
research to gain a better understanding of EAE suppression and
the role of vitD and light.

VitD Supplementation: Attention Should Be
Paid to Adequate Dosage
The problem of potential overdosing vitD resulting in
hypercalcemia is a critical aspect to this topic. Moderate
supplementation of vitD reduces the severity of subsequent EAE
in mice, associated with an expansion of Tregs. Direct exposure
of T-cells to vitD metabolites inhibits their activation. On the
other hand, high doses of vitD (200 nmol/l) in mice result in
fulminant EAE with massive CNS infiltration. This is caused by
mild hypercalcemia only observed in animals receiving high, but
not medium, doses of vitD (30). Because of this problem, one
study investigated the therapeutic potential of Paricalcitol (Pari)
on EAE, since it is a non-hypercalcemic vitD2 analogue, capable
of promoting anti-inflammatory activity in kidney and heart
diseases. In this study, severity, apoptosis and neuropathology of
EAE were reduced via Pari accompanied by inhibition of glial
cell activation, cellular infiltration, pro-inflammatory molecules,
and activation of nuclear factor κB (NF-κB). This phenomenon
could further be reduced by suppressing NF-κB with its inhibitor
and Pari in combination (31). On the contrary, another study
found a lower production of proinflammatory cytokines and
reduced inflammation only in the EAE/vitD group, not in the
Pari group. The authors thus suggest, that vitD, but not Pari,
has the potential to be used as a preventive therapy to control
MS severity (32). Another approach to bypass the problem of
vitD overdose suggests a combination of vitamin A (vitA) and
vitD. The combinatory treatment with vitA and vitD using the
optimal synergistic effects with low doses could be beneficial
in addressing the side effects and possibly paving the way
for a more efficient MS therapy. One study demonstrated a
significant different cytokine gene expression profile in the
treated and control groups, suggesting a benefit of this treatment
approach (33).

Experimental Animal Models and Problems
in Translation
Results from animal models have to be critically validated.
Common EAE models reflect important aspects of MS, but
one has to consider that these models are mainly based on
inflammation induced by autoreactive CD4+ T-cells whereas
results from clinical trials in MS indicate that CD8+ T-cells
and B-lymphocytes may play an important role in MS. In EAE,
the inflammatory demyelinating disease burns out when the
peripheral brain antigen depot has been removed. Therefore,
it is most likely that in human MS, a persistent trigger within
or outside the CNS is required for chronic disease propagation
(4). This emphasizes the need of a variety of carefully selected
animal models to cover different aspects of different phases of
MS. However, especially concerning progressive MS, data are
currently scarce.

VitD and Clinical Data in MS
Most of the clinical data regarding vitD and MS focus on its
ability to reduce the risk of MS development. The suggestion
that low vitD serum level is one MS risk factor is nowadays
mainly accepted. One important question however remains
upon its actions once the disease has started. Many studies
concerning with this question are unfortunately insufficiently
powered, most often without a long-lasting follow-up or with
methodological bias, hindering conclusive results. Nevertheless,
it appears highly likely that vitD is able to decrease components
of the inflammatory pathway of the disease. Of course, further
scientific validation is needed; a systematic vitD supplementation
of MS patients has already been recommended in clinical
practice, anyway (34). In comparison to the evidence of benefit of
vitD supplementation in early MS, there is little known about the
role of vitD in the progressive disease phase. Even though it is well
known that these patients commonly suffer from low vitD serum
levels, there is still the requirement of long-term observational
studies (23, 35).

DISCUSSION

Numerous animal studies attest benefits of vitD. Based on
the current state of knowledge, vitD supplementation may be
considered as a preventative measure for decreasing the risk for
developing autoimmune diseases and potentially as adjunctive
therapy (7). Figure 2 sums up the most recent findings discussed
in this work. Studies on the beneficial effect of vitD in EAE
suggest that treatment with vitD before EAE induction or
from peak disease is effective at reducing disease severity. This
beneficial effect may be mediated at least in part through the
attenuation of T-cells, reduction of axonal and neuronal loss,
and support of oligodendrocyte maturation (36, 37). Some other
recent studies focused on genetic variations and how vitD could
intervene. So far, it has been shown that vitD promotes negative
feedback regulation of Toll-like receptor (TLR) signaling in
macrophages in vitro, which in turn ameliorates inflammation.
Naturally occurring allelic differences in the Vra4locus/Mhc2ta
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FIGURE 2 | Summary of recent findings of protective vitD effects. Most results upon vitD effects in MS-related animal models were obtained by EAE and the

cuprizone model (CM). Lessons from EAE are written on the left side in blue; lessons from CM are shown in orange on the right side. In the middle of this summary,

recent research findings of protective effects of vitD are listed.

could be relevant for the efficacy of vitD in modulation of MS-
like neuroinflammation and potentially even inMS, but sufficient
information about response to vitD within the Vra4 gene locus
is still missing (10). Data from EAE allow the conclusion that
vitD synthesis by activated microglial cells and macrophages
in the CNS preserves neurological function by dampening
the inflammatory process. VitD seems to support the CTLA-
4 immunological checkpoint to prevent immune-mediated
neurological damage. Additionally, the protective effect of vitD
seems to involve epigenetic mechanisms (DNA methylation),
which may provide a molecular basis for cellular memory that
mediates long-term effects and suggests potential for future
combined therapies (7). VitD and VDR are closely associated
with the development of autoimmune diseases. There might
be unknown factors capable of regulating VDR. It is already
known that miRNAs are associated with VDRs. Even though
the involvement of miRNAs in human diseases strengthened our
understanding of pathogenesis, candidates for miRNAs that have
the potential to control autoimmune pathomechanisms remain
limited (38). Those strong regulatory molecules could become
powerful tools of autoimmune disease management, if the exact
mechanisms are elucidated in further studies. Beside validated
findings on vitD beneficial effects, one important aspect is the
reasonable application of vitD. Findings of studies regarding
dose dependence of vitD suggest that vitD at moderate levels
may exert a direct regulatory effect, while continuous high-dose
vitD treatment could trigger MS disease activity by raising T-
cell excitatory calcium (30, 39). This is indeed a very important
lesson from animal studies since hypercalcemia was reported
also in humans supplemented with high doses of vitD (40, 41).
Monitoring the vitD level in MS patients thus is crucial to ensure
positive effects of the supplementation. Another important topic
is the impact of vitD on different MS treatments. Current MS

treatments are found to be directly or indirectly linked to NF-κB
pathways and act to adjust the immune system. MS is associated
with constitutive activation of NF-κB, which results in excessive
expression of related effector molecules, driving inflammation,
and there is a very complex association of this factor and different
cytokine patterns involved in EAE progression too (31). Pari
could be one potential NF-κB blocker, and other vitD analogues
might act in a similar way. Again, most of our knowledge about
NF-κB is based on results from animal studies and further
animal studies will be needed to investigate the mechanism
further (31, 32). A similar issue concerns MS therapies working
by increasing PDL1 expression. The PD1/PDL1 pathway might
act as a key player in the mechanism of demyelination and
autoimmune response due to its regulation of antigen-presenting
cell and T-cell interaction. VD3-DCs attenuate the clinical
symptoms of EAE by increasing the activation of the PD/PDL1
signaling pathway. However, the specific mechanisms of this
signaling pathway still remain unsolved and further research
is necessary in order to apply VD3-DCs to clinical practice
(12). Translation of data from preclinical models to humans is
always to be used with caution. However, it is still necessary
to investigate pathophysiological mechanisms with the help of
animal models. Even though most preclinical assays indicated
a strong potential of vitD as a useful agent for EAE prevention
or therapy, clinical trials with patients revealed mixed data (32).
One possible reason is the missing knowledge in how vitD exactly
acts in many different signaling pathways. Another interesting
research goal is to elucidate gender aspects of vitD effects
(42, 43). In general, autoimmune diseases are characterized by
a significant female bias. This is also the case in MS where
more females are affected (43). This sexual dimorphism in
autoimmune diseases seems to be related to sex hormones,
which differently affect the immune system. In general, males
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show higher immunosuppression may be due to androgens,
and females show a higher immunoreactivity and competence
likely related to estrogens. This leads to a greater resilience to
infections but also to a higher risk for developing autoimmune
diseases (42, 43). Additionally, the outcome of vitD status in MS
is determined by gene-by-sex interactions (44). Thus, gender and
sex hormones could be included as variables when evaluating
the potential power of vitD to influence autoimmune diseases
(42, 43). Beside all these findings, one has to consider that
there is a developmental stage-dependent efficiency of vitD to
ameliorate neuroinflammation, suggesting that childhood and
adolescence should be the target for the most effective preventive
vitD treatment (45).

CONCLUSION

The majority of literature suggests a beneficial role of
vitD at least in therapy of MS related animal models.

When it comes to the translation of these findings

to the human situation, the most important aspect to
be considered is the right dosage, to avoid negative
side effects. Nevertheless, for an effective treatment or
support of MS therapies with the help of vitD and
probably other vitamins, further studies are necessary.
Especially if and how exactly vitD could intervene in
pathophysiological mechanisms of progressive MS remains
largely unsolved.
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Epstein-Barr virus (EBV) is a common herpesvirus associated with malignant and non-
malignant conditions. An accumulating body of evidence supports a role for EBV in the
pathogenesis of multiple sclerosis (MS), a demyelinating disease of the CNS. However,
little is known about the details of the link between EBV and MS. One obstacle which has
hindered research in this area has been the lack of a suitable animal model recapitulating
natural infection in humans. We have recently shown that healthy rabbits are susceptible
to EBV infection, and viral persistence in these animals mimics latent infection in humans.
We used the rabbit model to investigate if peripheral EBV infection can lead to infection of
the CNS and its potential consequences. We injected EBV intravenously in one group of
animals, and phosphate-buffered saline (PBS) in another, with and without
immunosuppression. Histopathological changes and viral dynamics were examined in
peripheral blood, spleen, brain, and spinal cord, using a range of molecular and
histopathology techniques. Our investigations uncovered important findings that could
not be previously addressed. We showed that primary peripheral EBV infection can lead to
the virus traversing the CNS. Cell associated, but not free virus in the plasma, correlated
with CNS infection. The infected cells within the brain were found to be B-lymphocytes.
Most notably, animals injected with EBV, but not PBS, developed inflammatory cellular
aggregates in the CNS. The incidence of these aggregates increased in the
immunosuppressed animals. The cellular aggregates contained compact clusters of
macrophages surrounded by reactive astrocytes and dispersed B and T lymphocytes,
but not myelinated nerve fibers. Moreover, studying EBV infection over a span of 28 days,
revealed that the peak point for viral load in the periphery and CNS coincides with
org November 2021 | Volume 12 | Article 764937114
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increased occurrence of cellular aggregates in the brain. Finally, peripheral EBV infection
triggered temporal changes in the expression of latent viral transcripts and cytokines in the
brain. The present study provides the first direct in vivo evidence for the role of peripheral
EBV infection in CNS pathology, and highlights a unique model to dissect viral
mechanisms contributing to the development of MS.
Keywords: EBV - Epstein-Barr virus, peripheral infection, neuroinflammation, demyelination, multiple sclerosis,
rabbit model, CNS infection
1 INTRODUCTION

Epstein-Barr virus (EBV) is a B cell-tropic DNA virus belonging to
the Herpesviridae family. The virus is often acquired early in
childhood and then persists asymptomatically for life. EBV
spreads from one host to another through virions intermittently
shed in the saliva of infected hosts. The virus infects B
lymphocytes via the interaction of the viral glycoprotein gp350/
220 with the cell surface receptor, CD21 (1). Latently infected cells,
express a range of viral genes referred to as latency programs 0-III.
Cells in latency III express 6 nuclear antigens (EBNAs), 3 latent
membrane proteins (LMPs), a set of viral encoded miRNAs, and 2
non-coding RNAs (EBERs) (2). EBERs are ubiquitously expressed
in all forms of latency and are often used as targets for the
detection of EBV in tissues. Collectively, latent viral proteins
expressed during latency III appear to be fundamental for EBV
transforming capacity (3). In the face of a competent immune
response, EBV shuts down the expression of all viral genes, with
the exception of EBERs (4). Despite the predominance of the
latent cycle, EBV infected cells occasionally undergo acute lytic
replication, which aids the dissemination of the virus. Moreover,
the lytic cycle contributes to transient viremia, and increased
peripheral viral load during the acute phase of infection (5).

Acquisition of EBV during late adolescence or early
adulthood can lead to symptomatic infectious mononucleosis
(IM) (6), which is an important risk factor for the development
of multiple sclerosis (MS) (7). MS is a disease that results in the
destruction of myelin sheaths in the brain and spinal cord, a
process known as demyelination. The influx of inflammatory
immune cells and reactive gliosis are other important hallmarks
of MS (8). In addition to demyelination and inflammation, EBV
infection in the brain has been reported in MS cases (9–12).
However, it is unclear how peripheral EBV travels to the CNS
and what its consequences are on the CNS.

The CNS is no longer considered an immune privileged site, as
once thought. Rather, there is a bi-directional intricate
communication between the periphery and the CNS. Inflammation
in the periphery can interfere with the blood-brain barrier (BBB)
integrity and induce changes in the brain (13, 14). Similarly, when
murine g-herpesvirus 68 (MHV-68), a virus that naturally infects
rodents and is biologically similar to EBV, is introduced directly into
the brain of BALB/c mice, the virus can spread from the site of
inoculation (i.e. brain) to the peripheral organs, including the spleen.
Moreover, on reactivation of latent virus, MHV-68 can be readily
detected in both the CNS, and the spleen (15).
org 215
Our laboratory has previously shown that intravenous
inoculation of rabbits with EBV results in the virus establishing
latency that mimics asymptomatic infection in humans (16).
Upon primary infection, rabbits elicited a strong humoral
response, correlating with undetectable levels of the virus in
peripheral blood. However, immunosuppression of latently
infected animals using cyclosporin A (CsA), resulted in
reactivation and marked increase in peripheral viral load. EBV
reactivation was associated with the expression of the immediate
early lytic marker, BZLF1, and a handful of latent viral genes.
These animals also showed pronounced infiltration of infected
cells into the liver and the spleen (16).

In this study, we aimed to understand the impact of
peripheral EBV infection on the CNS in the rabbit model. We
proposed that latent EBV infection in rabbits could promote
pathological alterations in the CNS that may predispose the
infected animals to features seen in MS, such as inflammation
and demyelination.
2 MATERIALS AND METHODS

2.1 Ethical Statement
All animal procedures in this study were reviewed and approved
by the Institutional Review Board. Experiments were conducted
on animals in adherence to the protocols approved by the
Animal Research Ethics Committee of UAE University
(Approval numbers: A-15-15; ERA-2018-5718).

2.2 Preparation of Virus Inoculum
B95-8, a B cell line of marmoset origin, was used to produce EBV
for inoculation. The cells were grown in RPMI-1640 medium
(GIBCO, USA) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin-streptomycin solution (GIBCO,
USA), 50 µg/ml gentamycin (Hyclone, USA), and 1×
glutamine (GIBCO, USA) at 37°C, and 5% CO2. Cells were
then stressed by incubating at 30°C for 24hr to stimulate lytic
cycle and virus shedding into the supernatant. The supernatant
was centrifuged, and subsequently passed through 0.2-mm nylon
filter (Thermo Fisher, USA). The filtered supernatant was used
for intravenous (IV) injections following quantification of EBV
copy number using qPCR.

2.3 Animals and Experimental Design
This study was divided into 2 parts:
November 2021 | Volume 12 | Article 764937
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a) investigating viral spread from the periphery to the CNS

b) investigating the dynamics of EBV infection over time
2.3.1 Investigating Viral Spread From the Periphery
to the CNS
Four- to 8-week old New Zealand White (NZW) rabbits were
obtained from a local supplier, and housed in our animal facility in
the College of Medicine and Health Sciences (UAE University).
Following a 2-week acclimatization, a total of 24 rabbits were
randomly allocated to four groups (Supplementary Figure 1A):

Group 1 (EBV): eight animals were injected with 1×107 EBV
copies, as determined by qPCR, via the marginal ear vein.

Group 2 (PBS control): four animals were IV injected with
phosphate-buffered saline (PBS) (volume equivalent to that of
EBV inoculum).

Group 3 (EBV+CsA): nine animals were injected with the same
viral inoculum as for group 1 and treated with daily
subcutaneous injections of cyclosporin A (CsA), (20mg/kg body
weight, Sandimmune- Novartis).

Group 4 (CsA control): three animals were IV injected with PBS
and immunosuppressed using daily CsA injections as in group 3.

Rabbits were monitored on a daily basis and sacrificed at day 14
post inoculation under Ketamine-Xylazine (40mg/kg and 5mg/
kg, respectively) anesthesia. Whole blood was collected and
separated into peripheral blood mononuclear cells (PBMCs) and
plasma. Major organs including the spleen, brain and spinal cord
were harvested.
2.3.2 Investigating the Dynamics of EBV
Infection Over Time
In this set of experiments, NZW rabbits were divided into EBV
group and PBS control group. At day 0, 15 animals in EBV group
received the virus, and five animals in the control group received
PBS via IV injection as described above. Three randomly selected
rabbits from the EBV group and one rabbit from the control group
were sacrificed at each of the following five time points: 3, 7, 14, 21
and 28 days post inoculation (Supplementary Figure 1B). Whole
blood, spleen, brain, and spinal cord were collected.

2.4 DNA Extraction and qPCR for
EBV Genome
PBMCs and plasma were isolated from whole blood samples
using density gradient centrifugation on Histopaque-1077
(Sigma, Poole, UK). Genomic DNA (gDNA) was extracted
from PBMCs, plasma, and biopsied tissues from spleen, brain,
and spinal cord using QIAamp DNA Mini and Blood Mini Kit
(QIAGEN), according to manufacturer’s instructions.

Quantitative TaqMan PCR (Applied Biosystems) amplifying
EBV BamHI fragment (17) was used to determine EBV copy
number as previously described (18). The amplification reactions
were run in duplicates on an Applied Biosystem 7500 real time
thermocycler (Applied Biosystems). gDNA extracted from
Namalwa cells was used to create a standard curve. Samples
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with undetermined Ct values were interpreted to have zero copy
number for the purpose of statistical analysis.

2.5 RNA Extraction and RT-PCR
Total RNA was extracted from the brain using TRizol
(Invitrogen, Germany). After determining the quantity and
quality of the extracted RNA using NanoDrop 2000c
(Thermo), 1µg of DNase-treated RNA was reverse-transcribed
to cDNA using the Reverse Transcription System (Promega).
SYBR Green Real-time PCR was performed, using Applied
Biosystems QuantStudio™ 7 Flex System, to determine the
relative mRNA expression of tumor necrosis factor a (TNFa),
interleukin-1b (IL1b), IL2, and IL6 (19). The relative expression
of latent EBV transcripts, EBER1, EBER2, EBNA1, and EBNA2
were also determined (20, 21). Samples were run in duplicates,
and experiments were repeated twice. Relative expression was
determined using comparative CT (DDCt) method. Rabbit-
specific GAPDH (housekeeping gene), and non-infected PBS
samples (experimental controls) were used as reference.

2.6 Histology, EBER In Situ Hybridization
(EBER-ISH), Immunohistochemistry, and
Immunofluorescence
Formalin-fixed, paraffin-embedded (FFPE) tissues were cut into
5-mm sections and stained with hematoxylin and eosin (H&E)
for basic histological examination. To identify viral proteins and
cell populations contributing to inflammation in the CNS, a
number of primary antibodies for viral and cellular markers were
used (Supplementary Table 1).

For EBER-ISH, tissues were hybridized with a combination of
2 digoxin end-labelled probes complementary to EBER1 and
EBER2, as previously described (18). Following blocking of the
endogenous peroxidase activity, tissues were briefly digested with
0.1mg/ml proteinase K (Sigma). Sections were hybridized
overnight with the probes, and two stringency washes were
performed in 0.1×SSC buffer at 55°C. Mouse anti-digoxin
antibody and Ultra-Sensitive ABC-Peroxidase Staining kit
(Thermo Scientific, USA) were used for signal detection.

For chromogenic immunohistochemistry, heat-induced
antigen retrieval was performed by incubating sections in
boiling sodium citrate buffer (pH 6.2) for 10min. Endogenous
peroxidase activity was quenched, followed by blocking in 5%
BSA and 0.1% Triton-X 100 in 1×PBS for 1hr. Tissues were then
incubated with primary antibodies at room temperature,
overnight. Tissues were washed and incubated with
appropriate secondary antibodies for 1hr. Diaminobenzidine
(DAB) was used for signal detection and sections were
counterstained with hematoxylin.

For immunofluorescence, sections were incubated with
primary antibodies overnight. After washing, sections were
incubated with fluorochrome-conjugated secondary antibodies
for 1hr. Sections were washed, counterstained with DAPI and
mounted using Fluoromount (Sigma). Fluorescence images were
captured using fluorescence microscope (Zeiss).

For EBER-FISH and immunofluorescence, sections were
hybridized overnight with EBER probes. After stringency wash,
November 2021 | Volume 12 | Article 764937
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sections were incubated with goat anti-IgG for 1hr.
Fluorochrome-conjugated anti-digoxin and anti-goat
antibodies were used as secondary antibodies.

2.7 Protein Extraction and ELISA
Homogenates of brain cortex were prepared in T-PER tissue
protein extraction reagent (Thermo) and proteinase-inhibitor
cocktail (Roche), using BeadBlaster™24 Homogenizer
(Benchmark). Purified proteins were stored at -80°C until
analysis. DuoSet ELISA development system for rabbit IL2 and
IL6 were used according to the manufacturer’s instructions
(R&D Systems). All samples were assayed in duplicates, and
experiments were repeated 3 times. A standard curve was
included in each experiment and used to determine the
quantity of cytokines in the test samples.

2.8 Statistical Analysis
Statistical analyses were performed using the GraphPad Prism
Version 9.1.2 (GraphPad Software, San Diego, CA). Comparison
between multiple groups was performed using one-way ANOVA
or non-parametric multiple comparison, alpha= 0.05.
Comparison between two groups was done using two-tailed
unpaired t-test or nonparametric Mann-Whitney test. Data
was displayed as mean± SEM. Spearman or Pearson
correlation was used to correlate between 2 variables. P value ≤
0.05 was considered statistically significant.
3 RESULTS

3.1 Investigating Viral Spread From the
Periphery to the CNS
3.1.1 EBV Inoculated Rabbits Exhibit Viremia and
High Viral DNA Load in the Periphery
The presence of EBV in MS brain has been reported in several
studies (9–11, 18). How EBV in the periphery travels to the CNS
is poorly understood. In order to determine whether peripheral
EBV infection on its own can lead to CNS infection, we injected
EBV intravenously into eight healthy NZW rabbits. In healthy
animals, antiviral T cell responses act as a barrier that limits
systemic viral dissemination. Therefore, in another nine rabbits,
we injected EBV and immunosuppressed them using CsA. This
was implemented to overcome anti-EBV T cell responses and
increase the likelihood of EBV spreading to the CNS in
these animals.

In the eight animals inoculated with EBV, no disease
manifestations were observed during the 14-day study period,
or at autopsy. In the EBV+CsA group however, 1/9 rabbits
showed changed temperament, decreased activity, and major
loss in body weight. To minimize animal suffering, this rabbit
was euthanized at day 7, as opposed to the scheduled day 14. At
autopsy, the spleen was found to be significantly enlarged with
macroscopic white nodules in 4/9 rabbits in the EBV+CsA
group, but not in any of the eight animals in the EBV group.

EBV infection in the spleen was confirmed by EBER in situ
hybridization (EBER-ISH) in all animals inoculated with the
Frontiers in Immunology | www.frontiersin.org 417
virus. No EBER signal was seen in the spleen of any of the control
rabbits that were injected with either, PBS or CsA (Figure 1A).
This was further supported by the detection of the virus using
qPCR. EBV genome was detected in the spleen of all the rabbits
in both EBV and EBV+CsA groups (Figures 1B, C). Thus,
peripheral EBV infection was established in 100% of the
animals inoculated with EBV, regardless of the immune status.

Since viremia is an important event in predisposing to CNS
infection (22), we quantified EBV in the PBMCs and plasma. All
the animals in the EBV group (8/8) (Figure 1B) and 8/9 animals
in EBV+CsA group (Figure 1C) had quantifiable, but variable
viral load in the PBMCs. None of the PBS/CsA controls had
detectable virus (Figures 1B, C). In the EBV+CsA group, the 1/9
animals which did not have detectable virus in the PBMCs, was
the animal which was euthanized 1 week prematurely. This
suggests that EBV detectability in peripheral blood may be
suboptimal at 7dpi as opposed to 14dpi. As for plasma, 75%
(6/8) of the animals in the EBV group (Figure 1B) and 78% (7/9)
of EBV+CsA group (Figure 1C) were viremic (i.e. EBV DNA in
plasma). We also found significant correlation between the levels
of viremia and splenic viral load in the EBV group, but not in the
EBV+CsA group (Supplementary Table 2). This implies the
interfering effects of immunosuppression on viremia levels.
Among the 3 peripheral compartments (plasma, PBMCs and
spleen), plasma had the lowest level of EBV DNA
(Figures 1B, C). This indicates that lytic shedding of the virus
is relatively less frequent, and most of the virus is cell-associated.

3.1.2 Inflammatory Cell Aggregates Develop in the
CNS Following Peripheral EBV Infection
To evaluate the impact of peripheral EBV infection on the CNS,
we examined the brain and spinal cord for histopathological
changes. Interestingly, we observed widespread presence of
distinct cellular aggregates consisting of inflammatory cells and
microglia nodules in the brain and spinal cord of (2/8) EBV and
(7/9) EBV+CsA groups (Figure 2). These aggregates were not
observed in any of the PBS controls. However, 2/3 CsA controls
developed similar CNS aggregates. These observations suggest
that peripheral EBV infection can promote neuroinflammation
in some hosts, and is likely influenced by the host’s genetics and
immune system. Immunosuppression can also lead to
neuroinflammation, possibly as a result of reactivation of latent
infection(s) other than EBV. We also noted that the cellular
aggregates in the spinal cord were less in number and smaller in
size than cerebral aggregates (Figure 2). Moreover, the
aggregates in the brain were widespread and present
throughout the hemisphere, including the meninges and the
cerebellum. Generally, these cellular aggregates were associated
with CNS vasculature (Supplementary Figure 2A). The
aggregates were observed more frequently in the cerebrum
than in the cerebellum. The aggregates also formed in both
hemispheres (Supplementary Figure 2B).

To determine the cellular makeup of the CNS aggregates, we
immunostained sections of the brain and spinal cord for various
cellular markers. CNS aggregates consisted of infiltrating
macrophages (RAM11+), microglia (Iba1+), reactive astrocytes
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(GFAP+), and infiltrating B (CD21+) and T lymphocytes (CD3+),
and neutrophils (Figure 3A and Supplementary Figure 3).
Additionally, proliferating cells (PCNA+) and infiltrating
lymphocytes, including CD8+ (but not CD4+), IgG+ (but not
IgM+) and EBI2+ cells were dispersed within the aggregates
(Figure 3B). Notably, the majority of these infiltrating immune
cells were also diffusely scattered in the CNS parenchyma and
formed several small clusters of loosely connected cells that
lacked macrophage aggregation. While blood-derived
macrophages/microglia appeared to make up the center of
most, if not all, CNS aggregates, astrocytes and scattered
proliferating B cells were mainly associated with the outer part
of the aggregates (Figures 4A, B). Furthermore, to examine
whether the presence of these aggregates is associated with
demyelination, we stained for myelin basic protein (MBP). We
observed disruption of myelin within the aggregates, but this did
Frontiers in Immunology | www.frontiersin.org 518
not extend beyond the aggregates (Figure 5). Collectively, these
observations suggest that peripheral EBV infection can lead to
immune cells trafficking into the CNS, and the formation of
cellular aggregates. The aggregates consist of proliferating B cells,
T-cells, and astrocytes, with blood derived macrophages
occupying the center. Notably, the aggregates appear to be
completely devoid of myelinated nerve fibers.

3.1.3 EBV Infected Cells Infiltrate the Brain of Both
Immunocompetent and Immunosuppressed Animals
Since EBV infection of the brain has previously been shown in
MS cases (9–11, 18, 23–27), we wanted to know whether primary
peripheral infection can lead to infection of the brain. We stained
brain sections, from EBV and EBV+CsA groups and PBS/CsA
controls, for EBERs. EBV was detected in the brain of 6/8
animals in the EBV group, and 9/9 in the EBV+CsA group,
independent of the presence of cellular aggregates. The 2/8
animals negative for EBV in the brain, contained no cellular
aggregates. EBV infected cells were not seen in any of the PBS/
CsA controls (Figure 6A). We also examined the distribution of
transcriptionally active virus in the brain by staining a series of
sections with anti-EBNA1. EBNA1+ cells were seen dispersed
throughout the brain (Figure 6B). Remarkably, massive
infiltration of EBNA1+ cells took place in the granular layer of
the cerebellum (Figure 6B), suggesting that the cerebellum may
be a vulnerable niche to EBV infection in the CNS (28). However,
further work is required to evaluate the importance of the
cerebellum in EBV infection.

In humans, EBV is primarily carried by circulating IgD-

CD27+ isotype-switched memory B cells (29, 30). To
determine which cells are infected with EBV in the rabbit
brain, we performed double staining for EBV (EBERs) and B-
cells (IgM and IgG), in heavily infected brain sections. Both IgM+

and IgG+ cells were found to be EBV positive (Figure 6C). These
findings indicate that primary peripheral EBV infection can be a
sufficient event for EBV infected B cells to infiltrate the CNS.

3.2 Investigating the Dynamics of EBV
Infection Over Time
3.2.1 EBV Load Peaks at Day 14 Post Infection in
Peripheral and CNS Compartments
To evaluate infection dynamics and delineate changes in the
incidence of CNS aggregates over time, we IV inoculated a new
batch of rabbits with EBV and examined blood, spleen, brain,
and spinal cord at five time points; 3, 7, 14, 21 and 28 days post
infection (dpi).

In the peripheral compartment, EBV was detected in the
PBMCs at all time points (Figure 7). In the spleen, however,
virus reached detectable levels by day 7 and remained detectable
throughout the next 3 time points. Interestingly, EBV in the
plasma (indicative of viremia) could not be detected until 14 and
21dpi. In the CNS, the virus was detected in the brain at 7, 14, 21
and 28dpi, and in the spinal cord at 7, 14 and 21dpi. Notably, all
3 animals (100%) sacrificed at day 14 exhibited detectable high
virus load in the plasma, PBMCs, spleen and brain. Thus, day 14
was the optimal time point for virus detection in the periphery
A

B C

FIGURE 1 | EBV inoculated rabbits exhibit viremia and high viral DNA load in
the periphery. (A) Representative images of EBER-ISH on rabbit spleen from
EBV and EBV+CsA group and their corresponding controls. Scale bar=20µm.
(B) EBV copy number measured using qPCR in plasma, PBMCs, and spleen
of rabbits in EBV group (n=8) and PBS controls (n=4), and (C) EBV+CsA group
(n=9) and CsA controls (n=3). Samples with undetermined EBV levels were
plotted at y=0. EBV load is presented with mean ± SEM, and comparisons
were made using the nonparametric Friedman test and Kruskal-Wallis. ns:
p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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and CNS. Additionally, EBV DNA load increased significantly at
day 14 in plasma, PBMCs, spleen and brain (Figure 7).
Furthermore, EBV DNA load in the brain correlated
significantly with both splenic and PBMCs viral load
(Supplementary Table 3). However, EBV load in the spinal
cord correlated only moderately with EBV levels in the plasma
(viremia) (Supplementary Table 3). Thus, increased viral load, in
the spleen and PBMCs, may be a determinant for virus infection
of the brain. This also highlights the importance of cell-associated
virus, rather than free virus, in EBV trafficking to the brain.

3.2.2 The Occurrence of CNS Aggregates Peaks at
Days 14 and 21 of Infection
We next examined coronal sections of the brain and cross
sections of the spinal cord for the presence of inflammatory
aggregates at 3, 7, 14, 21, and 28dpi. Although mild inflammation
was frequently observed in the meninges and around blood
vessels in the brain of infected animals, distinct cellular
aggregates were only seen in the brain and spinal cord of
animals sacrificed at days 14 and 21 (Figure 8A). Again, the
aggregates in the spinal cord were smaller in size compared to the
aggregates observed in the corresponding brain. Additionally,
Frontiers in Immunology | www.frontiersin.org 619
massive infiltration of the CNS by immune cells, including
neutrophils, macrophages (Supplementary Figure 4), and B
and T lymphocytes (Supplementary Figure 5) was observed at
days 14 and 21 in sections with aggregates, but not in sections
with limited mild inflammation. In agreement with part 1 of the
study, the formation of aggregates was associated with disruption
of myelin within aggregates, in both the brain (Figure 9) and
spinal cord (Supplementary Figure 6).

To determine if there was a difference in the number of cerebral
aggregates at different time points, we cut 1000, 5µm sections from
all animals at each of the five time points. Aggregates were counted
in sections at intervals of 50. Aggregates were observed to have great
heterogeneity in morphology. Thus, for the purpose of counting, we
defined an aggregate in the brain parenchyma as a clear continuous
cluster of cells that is at least 60µm in diameter. The term aggregate
also included any 2 cellular clusters that were connected by a thread
of infiltrates. Thus, meningeal infiltrates, small vessels engorged
with lymphocytes, clusters or perivascular cuffs that are less than
60µm in diameter were not counted. On average the number of
aggregates reached the peak at 14 and 21dpi (Figure 8B). We next
compared peripheral and CNS viral load in animals that developed
CNS aggregates and those without aggregates. We found that
FIGURE 2 | Cell aggregation in the rabbit CNS. H&E staining of formalin-fixed, paraffin-embedded sections of a brain and a spinal cord harvested from EBV, EBV
+CsA and PBS control groups. Dotted circles point to well-demarcated cellular aggregates. 40×, 10× and 5× images show scale bar of 20mm, 100mm, and 200mm,
respectively.
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animals with aggregates had significantly elevated levels of EBV
DNA in PBMCs compared to animals without aggregates
(Figure 8C). This reflects a link between the level of cell-
associated virus, but not cell-free virus, in the peripheral blood
and the occurrence of CNS cellular aggregates. Thus, viremia may
not be a determinant for the development of these structures in
the CNS.

3.2.3 Peripheral EBV Infection Results in Altered
Expression of Cytokines and Latent Viral Transcripts
in the Brain
To understand the impact of peripheral EBV infection on the
expression of proinflammatory cytokines in the brain, we
performed qPCR for tumor necrosis factor a (TNFa),
interleukin-1b (IL1b), interleukin-2 (IL2) and interleukin-6
(IL6). Analysis of relative expression over the 5 time points of
infection revealed significant upregulation of TNFa, IL1b and
IL2 at 28dpi, compared to the brain of non-infected PBS controls
(Figure 10A). IL6, on the other hand, was significantly
upregulated as early as 14dpi (Figure 10A). Furthermore, we
determined whether the upregulation of these cytokines in the
brain was coupled with altered expression of EBV latent
transcripts. Similar to TNFa, IL1b and IL2, the expression of
EBER1, EBER2 and EBNA1 was significantly elevated at day 28
Frontiers in Immunology | www.frontiersin.org 720
(Figure 10B). EBER2, however, was significantly upregulated at
day 14. This shows that the expression of proinflammatory
cytokines correlate with that of viral transcripts in the brain.

Indeed, heat map of Spearman correlation of viral transcripts
and cytokine expression in the brain, indicated a positive
correlation between EBER1/2 and the cytokines IL6, IL2 and
IL1b, (Figure 10C). Together, these results imply that increased
mRNA expression of latent EBV transcripts is accompanied by
increased expression of inflammatory cytokines in the brain.

We also examined the impact of EBV infection on the protein
levels of IL2 and IL6 in the brain. Both 14 and 21dpi showed
dramatic rise in the levels of IL6 protein, yet it only reached statistical
significance at day 21, coinciding with the time points of aggregate
occurrence (Figure 10D). Interestingly, there was a significant drop
in the regulatory IL2 level at day 7 (Figure 10D), the time point that
preceded aggregate formation. These observations suggest that the
increased production of proinflammatory IL6 may be associated
with the inflammation seen in the brain.
4 DISCUSSION

Some studies have found no indication of EBV infection in
the MS brain (31–33). Whereas others have demonstrated the
A

B

FIGURE 3 | The cellular makeup of cerebral aggregates in EBV infected rabbits. (A) Brain sections from EBV infected rabbits with cerebral aggregates and PBS
controls were stained with rabbit-specific maker for macrophages (RAM11), microglia (Iba1), astrocytes (GFAP), B cells (CD21), T cells (CD3), and neutrophils. Scale
bar=50mm. (B) Additional phenotypic characterization of lymphoid infiltrates by staining for the proliferation marker PCNA, T and B cell markers CD8, IgG, IgM, and
Epstein-Barr virus-induced gene 2 (EBI2). Scale bar=20mm.
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presence of the virus in the brain, implicating a role for the virus
in the pathogenesis of this disease (9, 11, 18). However,
the dynamics of virus trafficking to the brain, and its subsequent
impact on disease development and/or progression, are poorly
understood. Addressing these questions has been challenging due
to the limited availability of an animal model that recapitulates the
typically silent-mild infection seen in most humans. We and
others have recently shown that rabbits are susceptible to EBV,
and the infection mimics that observed in humans (16, 34–36).
Previous studies have demonstrated the efficacy of intravenous
(IV) inoculation in producing persistent infection in rabbits (35–
37). This route of infection was shown to elicit antiviral humoral
response and detectable virus and viral proteins in peripheral
blood, spleen, and liver. Additionally, EBV levels in the periphery
varied between different rabbits, and fluctuated overtime in a given
animal (37). Similar to humans, the rabbit immune system does
not completely eradicate EBV infection, as these animals remain
latently infected with the virus (36). Attempts to infect rabbits via
intranasal route were also successful, however, this was found to
lead to lower expression of EBV proteins and milder infection
compared to IV inoculation. Using the oral route, on the other
hand, appeared less effective in establishing infection (35). Based
on these observations, we used IV route in this study to ensure
establishment of persistent EBV infection in rabbits.

Using the rabbit model, we explored the neuropathogenic
potential of primary peripheral EBV infection. The findings
uncovered several novel aspects of the dynamics of EBV infection
in the periphery and CNS. 1) Intravenous inoculation of the virus
Frontiers in Immunology | www.frontiersin.org 821
resulted in widespread infection in all three peripheral
compartments examined: spleen, PBMCs, and plasma. 2)
Peripheral infection resulted in the virus traversing the brain. 3)
Infection in the brain correlated with cell-associated virus, rather
than circulating free virus in the plasma. 4) Peripheral EBV
infection induced the formation of inflammatory cellular
aggregates in the CNS, and these aggregates were composed of
blood-derived macrophages surrounded by reactive astrocytes and
infiltrating B and T lymphocytes.

Primary EBV infection during late adolescence can cause
symptomatic infectious mononucleosis (IM). Both symptomatic
and asymptomatic primary infection cause high viral load in the
periphery. However, disrupted immunological profile is rather
unique to IM (38–40). This emphasizes that EBV associated
diseases emerge as a result of changes in the immune
components triggered by the infection. Indeed, abnormalities in
anti-EBV immune response exerted by CD8+ T cells is believed to
contribute to MS disease (41–43). In this study, we investigated
primary EBV infection in healthy rabbits, and rabbits
immunosuppressed with CsA. High viral load was detected in
the peripheral compartments of all animals, particularly the
immunosuppressed (EBV+CsA) group. This group also
exhibited more than 10-fold higher levels of free virus in the
plasma. However, the level of free virus did not correlate with
brain infection. By contrast, there was a positive correlation
between infected cells in the PBMCs/spleen, and brain infection.
These findings support the idea that CNS infection is due to
migrating infected lymphocytes, most probably B cells. van
A

B

FIGURE 4 | Immunofluorescence double staining to determine the cellular makeup of cerebral aggregates in EBV infected rabbits. (A) Representative immunofluorescence
staining of inflamed brain section with GFAP (green), RAM11 (red), and DAPI (blue). Scale bar=20mm. Location of B cells (green) in relation to macrophages (red) and
microglia (blue) were identified by staining for CD21, RAM11 and Iba1, respectively. Scale bar=40mm. (B) Double positive CD21 (green) and PCNA (red) depict proliferating
B lymphocytes in cerebral aggregates. Scale bar=40mm.
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Langelaar and coauthors have recently shown that there is a
positive correlation between IgM- IgD- B cells expressing the
chemokine CXCR3 and EBV load in the blood of MS patients
who underwent bone marrow transplantation (44). This may
mechanistically implicate this chemokine in the migration of
virus infected cells to the CNS. Furthermore, EBV infected B
cells with phosphoprotein 1/osteopontin gene upregulation have
been found to have the potential of infiltrating the CNS (45). The
Frontiers in Immunology | www.frontiersin.org 922
gene upregulation in these cells is associated with epigenetic
changes including histone modification. The migration of EBV
infected cells from the periphery to the brain has also been
reported recently in humanized mice (46). This was achieved by
inoculating humanized mice with EBV and treating them with
pembrolizumab, a monoclonal antibody, used clinically to block
the immune checkpoint programmed death 1 (PD-1) receptor.
Subsequently, virus propagation to the CNS led to the formation
A

B

FIGURE 5 | Immunofluorescence double staining to assess demyelination in aggregates-positive case from EBV group. (A) Immunostaining for MPB and GFAP in
the brain. Scale bar=200mm (B) Immunostaining for MBP, GFAP and NeuN in the corresponding spinal cord. The aggregates were completely devoid of myelinated
nerve fibers. However, demyelination appeared to be restricted to the aggregates and it was not widespread. Scale bar=50mm.
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of EBER-rich lymphomas in the brain. These mice had low
frequency of circulating T cells, many of which were exhausted
(i.e. TIM3+ and LAG3+ T cells) (46).

Different animals have been used to study EBV infection in the
brain. Some studies investigated intracerebral inoculation of
MHV68 into mice (15, 47, 48). Animals exhibited signs of
severe disease, which was more fatal in juvenile mice than in
Frontiers in Immunology | www.frontiersin.org 1023
older ones (48). The direct introduction of the virus into the CNS
was shown to result in mononuclear cell infiltrates and viral
infection of the meninges, ependymal cells, oligodendrocytes,
hippocampal pyramidal neurons, and the Bergmann glia cells in
the cerebellum. The infection was also associated with damage to
the white matter (47). Japanese macaques were also found to
naturally develop an acute MS-like disease as a result of CNS
A

B

C

FIGURE 6 | EBV infected cells infiltrated the brain. (A) Representative images of EBER-ISH on brain sections from EBV and EBV+CsA groups and their corresponding
PBS/CsA controls. Scale bar=20µm. (B) Immunohistochemistry for EBNA1 in a series of sections from a heavily infected cerebral hemisphere and cerebellum. Scale
bar=20µm. (C) Double staining for IgG/IgM (red) and EBERs (green) to determine the phenotype of infected cells in the brain. Scale bar=20µm.
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infection with a newly identified g-herpesvirus. The CNS
contained several inflammatory demyelinating lesions (49). The
CNS infiltrating CD4+ T cells and CD8+ T cells were later shown
to elicit immune response against the myelin antigens MBP,
myelin oligodendrocyte glycoprotein and proteolipid protein
(50). Rhesus monkeys were also reported to develop
inflammation in the brain (infiltration of T lymphocytes and
macrophages in the parenchyma and meninges) when they were
administered autologous B lymphoblastoid cell lines infected with
a g-herpesvirus pulsed ex vivo with MOG peptides (51).

In our study, immune cell aggregation developed in rabbit
brains without overt signs of neurological deficits. Similarly, it
has been reported that intranasal infection of 129/SvEv mice with
rabies CVS-F3 does not result in neurological manifestations,
despite the occurrence of neuroinflammation, BBB breakdown
and the increased expression of the proinflammatory cytokines
such as IL6 and TNFa (52). Importantly, cell aggregates formed
only in some animals. Why only a fraction of infected animals
developed CNS aggregates remain to be explored. However, our
results suggest that EBV load in PBMCs may partly be linked to
Frontiers in Immunology | www.frontiersin.org 1124
the formation of these structures. Additionally, host factors such
as genetic background and the fitness of immune system to
control viral infection are also likely to be important. HLA alleles
are believed to interact with EBV to shape disease susceptibility
in people with MS (53, 54), while peripheral EBV load is found to
correlate positively with the MS risk allele HLA-DRB1*15 and
negatively with the protective allele HLA-A*02 (55). Moreover,
EBV latent protein EBNA2 is thought to interact with risk loci
related to MS and other autoimmune diseases (56). Addressing
the effect of HLA-DRB1*15, EBV infected humanized mice
reconstituted with HLA-DR15+ immune system components
were shown to exhibit poor control over the virus despite the
increased activation and proliferation of T lymphocytes (57).
Remarkably, some T lymphocytes from these animals were
found to cross-react with the MBP (57).

Cell aggregates in the CNS of rabbits contained a heterogeneous
cell population made up of brain resident cells, infiltrating
macrophages, neutrophils and B and T lymphocytes. In general,
aggregates were seen at dissimilar stages of evolution in a given
section, and thus differed in composition. Most of the aggregates
FIGURE 7 | EBV load peaks in the periphery and CNS at 14dpi. EBV copy number in plasma, PBMCs, spleen, brain and spinal cord determined by qPCR at 3, 7,
14, 21 and 28dpi (n=3 rabbits/time-point), and displayed as mean ± SEM. One-Way ANOVA and non-parametric Kruskal-Wallis test were used to compare between
groups. *p ≤ 0.05, **p ≤ 0.01. Bars without asterisks are not significantly different.
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had infiltrating macrophages as the prominent core surrounded by
reactive astrocytes and dispersed lymphocytes. However, few
aggregates lacked macrophage infiltration, but contained either a
cluster of reactive glia or loosely connected lymphocytes. Brain-
Frontiers in Immunology | www.frontiersin.org 1225
infiltrating T lymphocytes were mainly CD8+ cells. The scarcity of
CD4+ cells within aggregates cannot be simply due to the effect of
CsA, because the number of CD4+ cells was also limited in
aggregates formed in the EBV group. Only few CD4+ cells were
A

B C

FIGURE 8 | CNS aggregate formation peaks at 14 and 21dpi. (A) Representative images of H&E staining of coronal brain sections (scale bar=50µm) and cross
sections of spinal cord (scale bar=200µm) from EBV group and PBS control group (PBS ctrl) sacrificed at 3, 7, 14, 21 and 28dpi. (B) Quantification of cell
aggregates in the brain. Aggregates were counted in one every 50 5µm-sections over a span of ~1000 brain sections from EBV infected animals sacrificed at 3, 7,
14, 21 and 28dpi (n=3 rabbits/time-point). Number of cell aggregates per 0.5cm2 are displayed as mean ± SEM. Comparisons were made using the non-parametric
Kruskal-Wallis test. (C) Comparison of EBV load in plasma, PBMCs, spleen, brain and spinal cord of animals with CNS aggregates and those without using two-
tailed unpaired t test and Mann-Whitney test. ns: p > 0.05, *p ≤ 0.05.
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scattered in the parenchyma. The data suggested that the
contribution of CD4+ cells to both CNS infiltration and aggregate
formation was minimal.

Immune aggregates reminiscent of organized lymphoid
structures were previously recognized in the meninges of MS
brain, and have gained attention as a potential pathogenic feature
of the disease (58, 59). In addition to MS, EBV infection has been
associated with the formation and/or persistence of these immune
aggregates (also known as ectopic lymphoid-like structures) in the
inflamed tissue in certain organ-specific autoimmune diseases (9,
60–62). The ectopic lymphoid-like structures observed in
meningeal inflammation in MS contained distinct clusters of
CD20+ B cells and CD138+ plasma cells, intermingled with
CD35+ follicular dendritic cells and CD3+ T cells (63). These
structures expressed markers that determine the fate of B cells
including CXCL13, CD27, and BAFF (25, 64). In rabbits, B
lymphocytes contributed to the meningeal inflammation and
aggregate formation in brain parenchyma. However, the cell
organization and phenotypes observed in inflammation in
rabbits did not mimic the typical organization of ectopic
lymphoid-like structures reported in MS. B lymphocytes in the
rabbit aggregates expressed proliferation marker PCNA, IgM, IgG
and EBI2. Notably, EBI2 has been reported to be upregulated in
activated T and B lymphocytes, and affects the movement of these
cells (58–61). EBI2 expression by astrocytes was shown to promote
the migration of macrophages (62). Moreover, the cellular
aggregates observed in the rabbit CNS were entirely devoid
of myelinated nerve fibers, suggesting that some form of
demyelination was occurring within these aggregates. However,
the underlying mechanisms for this demyelination remain to be
further investigated.

We also observed that viral load peaked at day 14 post
infection, both in the peripheral and CNS compartments. EBV
Frontiers in Immunology | www.frontiersin.org 1326
load in peripheral blood, but not in CNS, correlated with
aggregate formation. Small sample size could be one possible
explanation for not seeing a significant difference in the CNS
viral load between animals that developed aggregates and those
that did not. Alternatively, it may be possible that the formation
of aggregates is influenced by the expression of EBV transcripts
and not the viral load. We noticed increased expression of IL6
mRNA and protein in aggregate positive brain at day 14 of
infection. Moreover, IL6 expression strongly correlated with
EBV-encoded EBERs. In agreement with our results, the viral
load of Theiler’s Murine Encephalomyelitis Virus (TMEV) in the
CNS of mice has been shown not to correlate with the
development of experimental autoimmune encephalitis (EAE)
(65). Instead, disease outcome correlated well with immune
response to viral components. Thus, virus trafficking into the
CNS is not sufficient for the neuropathological changes to occur.

Another important finding from our rabbit model is the
positive strong correlation between increased expression of
viral latent transcripts, particularly the viral RNAs, EBERs, and
the cytokines IL1b, IL6, and IL2 in the brain. By contrast, the
lytic transcript BZLF1 could not be detected in the brain with or
without aggregates at any of the time points, ruling out the role of
the lytic cycle in inflammation. In some animals in EBV+CsA,
however, BZLF1 was detected in few cells in the brain. On similar
grounds, induction of EAE in mice infected with MHV-68 was
shown to result in aggravated disease (66). The onset of disease
course of EAE coincided with the virus establishing latency in
mice, and not during the acute pre-latent infection. Mice that
were infected with latency deficient MHV68 had significantly
milder disease than those latently infected with the wild-type
virus. The latent infection in mice was found to cause increased T
lymphocyte infiltration into the CNS, and suppress the anti-
inflammatory phenotype of T cells; regulatory T cells, both in the
periphery and CNS (66).

We also observed a positive correlation between the expression
of EBNA1 and EBNA2 and TNFa expression in the brain. A recent
study reported that immunizing mice with EBNA1 amino acid
region 411-426 led to neurological deficits reminiscent of EAE, and
the development of MRI-confirmed cortical lesions (67). This
region of EBNA1 was also found to trigger high antibody
response in individuals with relapsing-remitting and secondary
progressive MS, and these antibodies cross-reacted with MBP
amino acid region 205-224 (67). Furthermore, EBV latent
proteins were found to be upregulated in MS lesions (27). Virus
reactivation in the MS brain was also associated with marked
neuroinflammation and demyelination leading to fatal immune
reconstitution inflammatory syndrome (68, 69). Our study and
these reports support the hypothesis that transcriptionally active
EBV in the brain promotes immunological alterations.

Additionally, we demonstrated elevated mRNA levels of IL1b
and TNFa at the later stage of infection (28dpi). These Th1
cytokines (IL1b, and TNFa, IFNg) were implicated in impaired
BBB (52, 70–73). It has been suggested that virus infection of the
CNS incites the generation of inflammatory cytokines, which in
return compromises the integrity of BBB, for example by altering
the expression of BBB tight junction proteins (74–77). Thus, BBB
FIGURE 9 | Inflammatory aggregates in the EBV infected brain are free of
myelinated nerve fibers. Brain sections were examined for demyelination in
and around the aggregates by immunostaining for MBP. Demyelination was
evident within aggregates developed at 14dpi and 21dpi. Scale bar at lower
magnification=100µm. Scale bar at higher magnification=20µm.
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breakdown could be a consequence of viral infection of the CNS
(74, 76, 78). One could argue that increased mRNA levels of IL1b,
and TNFa at 28dpi may be followed by increased BBB permeability
and recurrent influx of immune cells into the CNS. Whether EBV
infection disrupts BBB integrity warrants further investigation.

Another critical issue arising from this study is the need to
determine antigen specificity of lymphoid infiltrates in the CNS.
The functional characterization of virus-specific immune response
could further explain the inflammatory response and identify the
extent of the damage brought about by either virus infected cells or
immune response directed against transcriptionally active virus
(79). It has been shown that EBV-specific CD8+ T cells make up
~0.5-2.5% of total brain-infiltrating CD8+ T cells in MS (23).
This frequency was found to be significantly higher than CD8+ T
cells reactive against MBP, CMV, or influenza virus. Further
characterization of EBV-specific CD8+ T cells showed the
Frontiers in Immunology | www.frontiersin.org 1427
expression of degranulation marker CD107a, perforin, and
granzyme B, indicating their cytotoxic nature (23).
5 CONCLUSIONS

In conclusion, our results support a neuropathogenic potential of
EBV. The neuroinflammation and immunopathological aspects of
EBV gleaned from the rabbit model will help us explore, otherwise
poorly understood, viral-host interactions that can be essential for
the pathogenesis of EBV-associated neuropathologies includingMS.
The flexibility of this model offers avenues to examine the CNS-
periphery axis during viral infection, and to identify potential
cofactors for EBV-associated neuropathology. Further studies are
needed to determine the cellular behavior and events that are crucial
in the formation of neuroinflammatory aggregates, the resulting
A B
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FIGURE 10 | Peripheral EBV infection results in altered expression of cytokines and viral transcripts in the brain. The expression of (A) cytokines (TNFa, IL1b, IL2,
and IL-6), and (B) EBV latent transcripts (EBER1, EBER2, EBNA1 and EBNA2), in the brain tissue harvested at 3, 7, 14, 21, and 28dpi, examined using qPCR. Data
displayed as mean ± SEM. Comparisons were made using one-way ANOVA with Fisher’s LSD test or the nonparametric Kruskal-Wallis test. (C) Heat map of
Spearman correlation of inflammatory and viral transcripts in the brain. Color mapping for positive and negative correlation are indicated in the legend on the right. ns:
p >0.05, *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001. (D) The levels of IL2 and IL6 proteins were measured by ELISA in brain tissues harvested at 3, 7, 14, 21 and 28dpi.
Data displayed as mean ± SEM. Comparisons were made using one-way ANOVA with Fisher’s LSD test or Welch and Brown-Forsythe test. *p ≤ 0.05, **p ≤ 0.01
compared to PBS controls. Bars without asterisks are not significantly different from the PBS controls.
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tissue damage, and the resolution of inflammation. Studying this
cascade of events can provide us with an opportunity to critically
evaluate potential and specific therapeutic targets that are essential
to either halt the progression of EBV-associated neuropathologies or
promote resolution of neuroinflammation.
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A growing body of work points toward the existence of a clinically symptomatic prodromal

phase in multiple sclerosis (MS) that might span 5–10 years or more. A prodrome is an

early set of signs or symptoms predating the onset of classical disease, which in turn

predates a definitive diagnosis. Evidence for a prodromal phase in MS could have major

implications for prevention, earlier recognition and treatment, as well as an improved

disease course or prognosis. This Perspective provides a succinct overview of the

recent advances in our understanding of the MS prodrome and current key challenges.

Many of the MS prodromal features characterized thus far are non-specific and are

common in the general population; no single feature alone is sufficient to identify an

individual with prodromal MS. Biomarkers may increase specificity and accuracy for

detecting individuals in the MS prodromal phase, but are yet to be discovered or formally

validated. Progressmade in the elucidation of prodromal phases in other neurological and

immune-mediated diseases suggests that these barriers can be overcome. Therefore,

while knowledge of a prodromal phase in MS remains nascent, how best to move from

the rapidly growing evidence to research-related action is critical. Immediate implications

include refining the concept of the MS continuum to include a prodromal phase. This will

help inform the true “at risk” period when considering exposures that might cause MS.

Major long-term implications include the earlier recognition of MS, improved prognosis,

through earlier disease management, and the future possibility of MS disease prevention.

Keywords: multiple sclerosis, prodrome, preclinical, prevention, risk

INTRODUCTION

A prodrome is an early set of signs or symptoms predating the onset of classical disease (1), which
in turn predates a definitive diagnosis. Until recently, it was thought that multiple sclerosis (MS)
did not have a prodromal period (1, 2), even though prodromal phases are well-recognized in
other neurological and immune-mediated chronic conditions (3–6).While the prodrome remains a
nascent field inMS, understanding the nature of the prodrome is critical in defining the etiologically
relevant period when searching for risk factors for MS. Future applications may also include
identification of individuals at risk of MS and enhanced opportunity for early management of
disease. This Perspective Article summarizes the current state of knowledge of the MS prodrome,
with a focus on the actionable evidence. Together with reflections on lessons learned from other
chronic disease fields will help pave the path forwards to effect meaningful change in MS.
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BOX 1 | Search strategy and selection criteria

References for this article were identified by searching PubMed for journal

articles published in English, with a focus on the last 5 years, using the

following terms (and alternative spellings): multiple sclerosis, prodrome,

prodromal phase, pre-clinical, risk factor, RIS, CIS. In addition, the reference

lists of articles were reviewed along with the authors’ own files and the most

relevant articles were included within the article. The primary focus (selection

criteria) were for peer-reviewed journal articles (original observational case-

control, cohort or intervention studies, or other reviews of original work). Case

reports and case series were excluded. Select older studies representing

landmark advances were included, as necessary, in order to place current

findings in context.

We focus here on the most recent literature, and studies
not covered in detail in prior relevant articles (Box 1) (2, 7–
10). We also include a brief overview of the most important or
landmark findings to date, thus providing context to this rapidly
emerging field. Each section concludes with a synopsis of the
potential actionable evidence, thus providing an outline of how
the field should harness knowledge of the MS prodrome to effect
change, both now and in the future. Finally, we propose a refined
timeline for MS, conceptualized as a continuum, which includes
the prodromal phase (Figure 1).

THE MS PRODROME: KEY FINDINGS

The MS Prodrome: Clinical Aspects and
Potential Duration
The last 5 years have seen the emergence of population-
based studies which objectively measured signs and symptoms
occurring before classical MS onset (8, 11–18). Importantly, the
designs of these studies minimize the potential for both selection
and recall bias. Collectively these studies suggest that an MS
prodromal phase is detectable at least 5 years beforeMS symptom
onset (or 10 years before a first MS diagnostic code), and possibly
up to 20 years in persons who develop primary progressive
(PP) MS (11–18). Studies in persons with radiologically isolated
syndrome (RIS) suggest that the prodromal phase is of variable
duration and may begin as early as 10–15 years before MS
symptom onset (19, 20).

A myriad of signs and symptoms have been identified as more
common during the years leading up to MS (defined by various
studies as MS symptom onset or a first demyelinating code or
a MS diagnostic code, Box 2), as compared to persons without
MS, and range from cognitive deficits, to psychiatric morbidity,
fatigue, sleep disorders, pain, fibromyalgia, bowel/bladder and
dermatological issues (8, 11–18). In young men, aged 18 or 19
years old, entering the Norwegianmilitary, lower cognitive scores
were found in the 2 years before MS symptom onset, relative
to those who did not develop MS (1 = 0.80, 95% CI: 0.20–
1.41, p = 0.0095, equivalent to a 6 IQ-point difference) (18). The
mental health burden in the 5 years before a first demyelinating
code or MS symptom onset, was measurable as≈50%more visits
to psychiatrics and ≈50% more mood disorder claims (based
on physician-derived diagnostic ICD codes). Based on general

BOX 2 | Identifying the MS prodromal phase

Definition of a prodrome: an early set of signs or symptoms related to

a disease, but predating the onset of classical symptoms, which in turn

predates a definitive diagnosis.

The challenge: identifying the onset of classical disease can be difficult and

differs across studies. For the purposes of this article, we have summarized

the most common used below, and indicate what the timing (date) of each

likely represents:

•MS symptom onset: typically recorded by a MS neurologist in a patient’s

medical record and is based on a careful medical history.

Represents the closest to actual classical onset of MS, based on

current knowledge.

• First demyelinating diagnostic code: typically captured in health

administrative data (from hospital or physician billing records) or in electronic

medical records.

Represents the first formal medical recognition of a demyelinating event.

• First MS diagnostic code (e.g., International Classification of Diseases

(ICD)-9/10 340 or G35, or Read codes): typically captured as for a first

demyelinating diagnostic code.

Represents the first formal medical recognition of MS.

For the purposes of this article, ‘classical MS onset’ is used to refer to either

MS symptom onset or a first demyelinating code, as needed (e.g., to describe

studies that used both to determine the end of the possible prodromal phase).

MS symptom onset is arguably the closest possible to classical MS onset,

thus enabling studies to avoid capturing the period between classical MS

onset and diagnosis. This period, while of interest, should not be considered

part of the prodromal phase.

practitioners records, depression may be more common up to 10
years before the first recorded MS or demyelinating diagnostic
code (17). Intriguingly, the prodromal phase in children (first
demyelinating diagnostic code <18 years of age) may have a
negative impact on the mental health burden of their mothers;
a possibility raised in one study (21). While the role of stress as a
risk factor for MS onset remains unclear (22, 23), if a stressful
event could trigger MS and also lead to mental-health related
issues, this could provide an alternative explanation for findings.
Finally, asymptomatic women at high (n = 27) vs. low (n =

20) risk of developing MS, based on a genes-environment score,
exhibited poor vibration perception in their great toe [mean
= 2.48 (SD: 0.60) vs. 1.83 (SD: 0.54), p = 0.008, age, height
and test date adjusted] (24). Whether this represents a potential
clinical sign of the MS prodrome is intriguing, but remains to be
determined (24).

Patient Characteristics and the MS
Prodrome
There is little research on whether the clinical presentation of
the MS prodrome differs by age, sex, or the subsequent disease
course (12, 16, 18). Current evidence suggests that pain is more
evident in older adults while anemia is more pronounced in
men, in the 5-years before a first demyelinating diagnostic code.
The odds of pain increased from 1.76 (95% CI: 1.49–2.06) in
those aged <30 years at their first event to 2.35 (95% CI: 2.13–
2.60) in those ≥50 years (12), compared to matched controls
without MS. The odds of anemia in men was higher [odds ratio
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FIGURE 1 | The MS continuum, a proposed timeline: the at risk period, the prodrome, and potential for prevention.

(OR) 2.40; 95% CI: 1.68–4.29] than in women (OR: 1.23; 95%
CI: 1.04–1.45), as compared to the general population. The sex-
differences for anemia could simply reflect the higher prevalence
of anemia among women, resulting in the lower relative estimate
than men (12). Why anemia was more common for both men
and women with MS during the prodrome is less clear. Findings
could result from MS-related symptoms, such as fatigue, leading
to an increase in detection of anemia among persons with MS
(12). Intriguingly, recent work has suggested that red blood cells
are active participants in the body’s immune response (25), such
that the inflammatory processes of MS could lead to a reduction
in circulating red blood cells, leading to anemia.

Of the limited studies where disease course was examined
(16, 18), those with either PP or relapsing-onset MS appeared
to exhibit broadly similar prodromal features, with a notable
exception for dermatological issues (16). In the 5 years before
MS symptom onset, PP relative to relapsing-onset MS cases
exhibited 47% lower rates of visits to dermatologists (rate
ratio: 0.53; 95% CI: 0.30–0.96). Skin-related manifestations are
recognized as relatively common in other immune-mediated
diseases (26). Thus, whether these observations in MS indicate
that early markers of inflammation differ by disease course, being
lower in PP-onset MS cases is an intriguing possibility. Further,
findings from the Norwegian military cohort suggest a much
longer prodromal phase in PPMS; lower cognitive scores were
measurable up to 20 years before PPMS symptom onset, relative
to 2-years for the RRMS cases (21). For the PPMS cases, this
was equivalent to 4.6-7 IQ-point difference compared to the
control men who did not develop MS, p = 0.045 (21). While all
these findings are interesting, confirmation in other, ideally larger

populations is needed. Finally, no study to date has examined
socio-demographic factors (e.g., race/ethnicity, socio-economic
status, education or related health inequities), despite evidence
that these are associated with MS outcomes after diagnosis (27,
28).

Misdiagnosis and Missed Opportunity
Evidence of potential misdiagnoses and missed opportunities for
earlier recognition of MS is also apparent across studies. For
example, for individuals who developed PPMS, a higher rate
of nervous system-related physician claims (ICD codes) in the
5 years before MS symptom onset was observed compared to
relapsing-onset MS (rate ratio = 3.00; 95% CI: 1.06–8.49) (16).
This may, in part, represent a delay in medical recognition which
is not uncommon, particularly in PPMS (29, 30). Others have
explored the issue of missed opportunities for earlier recognition
by examining ambulatory care records in the years before a first
MS diagnostic code (ICD 340) in a subgroup of patients with
no record of a CIS and found that many physician visits in
these patients before MS diagnosis were, in hindsight, likely a
demyelinating event (31). These studies provide further evidence
that earlier recognition of MS may be possible (31, 32).

Actionable Evidence

Together, these studies demonstrate that clinical features
suggestive of an MS prodrome can be objectively measured
at the population-level. Clearly, many of the MS prodromal
features identified are also non-specific and common in the
general population; no single feature alone will be sufficient to
identify an individual with prodromal MS. Findings also suggest
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that an iterative approach is required; as earlier recognition and
diagnosis of MS is achieved, then this could refine understanding
of the MS prodrome. Thus, there is sufficient evidence to warrant
further investment of resources and research funds in this area.
The Table provides key examples. One low-cost, but valuable
endeavor would be to re-evaluate previous studies for signs and
symptoms suggestive of the MS prodrome.

PUTATIVE BIOMARKERS OF THE MS
PRODROME

Given the wide range of common and non-specific clinical
symptoms observed at the population-level before the onset
of MS symptoms, biomarkers for prodromal MS would be
tremendously helpful. Such biomarkers could increase specificity
and accuracy for identifying individuals in the MS prodrome.

Neuroimaging and the Radiologically
Isolated Syndrome
One potential biomarker is abnormal neuroimaging, such as
in people with RIS. RIS is the clinical syndrome in which
individuals underwent MRI scans of the brain for reasons other
than suspected MS, resulting in an MRI finding suggestive of MS
(i.e., this was an unexpected or incidental finding) (33). Formal
criteria for RIS were proposed in 2009, which require that MRI
findings meet the 2005 MRI criteria for dissemination in space
(33). RIS differs from MS in that no classical MS symptoms
are present. While some people with RIS are asymptomatic
(e.g., they were participants in a research study), it can be
inferred from the indications for obtaining MRIs that many have
one or more non-specific symptoms, some of which potentially
overlap with those of an MS prodrome. Such symptoms include
mood disorders and, most commonly, headache (19, 20, 33). A
substantial proportion of individuals with RIS (34% within 5
years and 51% within 10 years) subsequently developed a typical
symptom of MS in sizeable multi-site studies (19, 20). While
headache was not associated with an increased risk of subsequent
clinical demyelination in one such study, the risk associated with
other symptoms remains unknown (16). The precise relationship
between RIS and anMS prodrome needs to be better understood,
including whether they are distinct entities, overlapping entities,
and/or part of a continuum (Figure 1). Given the possibility of
overlap between potential symptoms of theMS prodrome (which
commonly occur in the general population) and the non-specific
symptoms reported in many people with RIS, RIS may emerge
as being associated with prodromal MS. This possibility also
provides rationale for exploring other neuroimaging biomarkers
for the MS prodrome.

Advanced Neuroimaging Techniques
Advanced neuroimaging techniques, when studied in the context
of RIS, may also be useful for identifying biomarkers of the
MS prodrome. For instance, regional (cerebellum and thalamus),
and whole brain volumes were generally lower in individuals
with RIS compared to controls (34–37). One study found that
cortical volumes were similar in individuals with RIS (n =

19) and MS (n = 26), but were lower in these 45 individuals
together as compared to 21 controls (38). In those with RIS,
lower cortical volumes correlated with reduced performance on
cognitive testing, suggesting an important functional association
with a potential prodromal symptom. Other case-control studies
have shown microstructural changes in brain white matter using
diffusion tensor imaging and altered metabolic pathways in
individuals with RIS using brain proton magnetic resonance
spectroscopy suggesting their potential utility (39, 40).

Brain white matter lesions on MRI commonly occur for
reasons other than demyelinating pathology. Therefore, there is
a need for biomarkers specifically for the white matter lesions
due to MS. For example, central veins occurred more frequently
in white matter lesions (detected on MRI using FLAIR∗ at 3T)
in individuals with MS as compared to those with migraine in
one study (41). Various definitions of the “central vein sign”
also distinguished individuals with CIS and/or MS from those
with other conditions (42, 43). It would be of value for future
studies to determine whether central veins withinMRI lesions are
associated with increased risk for the subsequent development
of clinical MS in people with RIS who also present with various
symptoms, currently considered non-specific. Paramagnetic rims
around lesions may also be a novel MRI biomarker of value
during the MS prodrome (44).

Serum, CSF and Other Opportunities for
Biomarker Discovery
Given that the pathobiology of MS has presumably started
before the prodromal phase, exploring biomarkers associated
with neuronal injury and loss, such as neurofilament light chain
(NfL), while not specific to MS, may be useful for the prodrome.
In a nested case-control study of US military personnel, serum
NfL levels were elevated in 30 individuals who subsequently
developed MS as compared to 30 matched controls (median 16.7
vs. 15.2 pg/mL, p = 0.04) (45). Serum samples were obtained a
median of 6 years before MS symptom onset in cases.

While less easily acquired than serum, CSF is often obtained
in the diagnostic workup of individuals with suspected MS and
it is therefore worthwhile to consider potential CSF biomarkers
for the MS prodrome. In a study of 75 individuals with RIS, both
unique CSF oligoclonal bands and elevated CSF NfL level were
associated with the earlier development of CIS (hazard ratios
14.7, 95% CI: 1.8–120.2; p= 0.012 and 1.02, 95% CI: 1.00–1.04; p
= 0.019, respectively) (46). Preliminary studies suggest that novel
CSF analyses including single cell RNA sequencing may also hold
promise. In one study, single cell analyses discriminated between
the CSF immune profiles of twins discordant for MS (47). Other
emerging evidence indicates that the gut microbiome may be
altered in MS, suggesting another potential biomarker of the
prodrome (48). Other potential molecular biomarkers include
serum/CSF glial fibrillary acidic protein, and serum-basedmicro-
ribonucleic acids (miRNAs) (49–51). Finally, abnormal visual
evoked responses (52, 53) and optical coherence tomography
(54) may be biomarkers associated with abnormalities in the
visual pathways.
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Actionable Evidence

Together these findings suggest that there may be measurable
biomarkers for the MS prodrome including those in serum,
CSF, and on MRI that warrant further study (see Table 1).
Exploration of biomarkers for the MS prodrome will likely
result in an improved understanding of the pathology of
MS itself as many of these biomarkers reflect underlying
pathophysiological mechanisms.

RISK FACTOR (TRIGGER) OR
PRODROMAL FEATURE?

The duration of the MS prodrome can be defined as the time
between the initiation of MS pathology and the appearance
of the classical clinical demyelinating events that eventually
lead to an MS diagnosis (Figure 1). Knowledge of this period
is critical to identify true causal risk factors for MS. Many
environmental exposures assessed after the MS disease process
begins may not be an accurate representation of the pre-
pathological onset exposure. For example, during the prodromal
phase, general feelings of unwellness may lead to changes in
diet or physical activity, and any associations observed are more
likely to be due to “reverse causation” and not a true causal
risk factor.

There are currently four environmental risk factors for
MS that evidence suggests may have a causal role in MS
development: infection with Epstein-Barr virus (EBV), low
sunlight exposure/low serum vitamin D levels, obesity in early
life, and cigarette smoking (56). One necessary determinate of
causality is temporality—i.e., the exposure must occur before
the initiation of the disease process. While there is evidence
supporting temporality for each of these factors based on
childhood/adolescent exposure being associated with future MS
risk, a closer look at the lower risk of MS with higher serum
25-hydroxyvitamin D (25(OH)D) levels is illustrative of the
complexity of whether a risk factor is a trigger or prodromal
feature. There have been four prospective studies of serum
25(OH)D measured in samples collected on average 5, (57) 8,
(58) and 9 (59, 60) years before MS symptom onset with an
overall range of less than one to up to 32 years and all found an
inverse association between higher 25(OH)D levels and risk of
MS onset. That the average time of sample collection before MS
onset in these studies falls within 10 years before MS symptom
onset, and the possibility that 25(OH)D levels decline during
a prodromal phase (e.g., if an individual begins sun avoidance
behaviors due to not feeling well), reverse causation cannot be
ruled out as a possible explanation on the basis of these results
alone. Results of two studies of 25(OH)D levels during pregnancy
or at birth and future risk of MS in the offspring found that
deficient serum vitamin D levels in mothers or in dried blood
spots from neonates were associated with an increased risk of
MS onset in the child (61, 62), and case-control studies of sun
exposure have consistently found an inverse association between
higher sun exposure in childhood/adolescence and lower MS
risk (56, 63–65). Additionally, Mendelian randomization studies
have found that genetically lower 25(OH)D is associated with an

increased risk of MS in adults and children (66–68). Together,
these studies suggest that exposure to low vitamin D levels may
pre-date the onset of the prodromal phase and be a true risk
factor for MS. EBV infection is also a risk factor for MS and
the evidence for infection occurring prior to the onset of MS,
and the prodromal phase, is strong (56). Individuals who are
EBV seronegative have a near zero risk of having MS, and a
prospective study among EBV seronegative young adults found
the risk of MS increased only after infection with EBV (69). There
was no increase in risk of MS with infection of cytomegalovirus
(as measured serologically) over the same time period (69),
suggesting the association is EBV specific rather than a general
increased risk of infections.

Studies of other risk factors that have been measured within
the presumed prodromal phase, i.e., within 5–10 years of MS
symptom onset, include migraines, lower levels of physical
activity, diet quality, pregnancy and oral contraceptive use (70–
73). Pregnancy, for example, has been associated with a decreased
MS risk, while oral contraceptive use associated with an increased
risk in some studies (73), but studies of the MS prodromal phase
suggest that women who develop MS may choose birth control
or delay pregnancy simply because they are experiencing signs
and symptoms of the prodromal phase (14). Similarly with diet
quality before MS symptom onset, no association with MS risk
was found, but if individuals make dietary improvements in
response to prodromal sign and symptoms, reverse causation
may be one explanation (70). Defining the true time of MS onset
and studying exposures before that time is critical in teasing apart
risk factors from prodromal features.

Actionable Evidence
Given the evidence that prodromal MS may precede MS
symptom onset by 5 or more years, a review and re-evaluation of
the MS environmental risk factor literature should be conducted
to determine whether any associations (null or otherwise) may
be explained by the exposure being measured in the presumed
prodromal phase rather than before. Further, future study designs
of environmental risk factors of MS need to factor in the time of
a possible prodromal phase, assessing exposure at multiple time
points prior—perhaps up to 10 years or more–to MS symptom
onset, though this is not without challenges.

FUTURE PERSPECTIVES

Evidence for a prodromal phase of MS has major implications
for prevention, earlier recognition and diagnosis of MS, as well
as improved disease prognosis. Immediate implications include
refining the conception of a timeline for MS that includes a
prodromal phase as part of the MS continuum (Figure 1). This
will help inform the true “at risk” period when considering risk
factors that might trigger or cause disease initiation and onset
of MS. As our understanding of the possible duration of the
MS prodrome is refined, this will provide further clarity and
advance capacity to potentially prevent MS though interventions
implemented before disease initiation and the onset of clinical
MS (that is during a “true” risk factor phase). Of note, it is
feasible that there will be overlap between risk factors for MS
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TABLE 1 | Actionable evidence and the MS prodrome: from general to specific examples.

Clinical aspects of the MS prodrome

Evidence Clinical features of the MS prodrome can be objectively measured 5–10 years before classical MS onset (8, 11–18).

Action Invest further resources to support research of the clinical features of the MS prodrome

Systematically re-evaluate previous studies for signs and symptoms suggestive of the MS prodrome

Determine what the potential duration of the MS prodrome is, and whether, and how this differs across populations and within specific patient

groups

Refine the proposed timeline for MS, conceptualized as a continuum, to include the prodromal phase, see Figure (i.e., the at risk phase precedes

disease initiation, which is then followed by the prodromal phase, classical MS symptom onset and diagnosis)

Evidence At the population-level, specific clinical features (often derived from health administrative data or medical records) are more common for MS cases

at least 5 years before MS symptom onset, and possibly up to 20 years in PP MS, relative to population controls (12–14, 16, 18).

Action Greater granularity is required to capture subtle signs and symptoms of the MS prodrome that do not necessarily prompt medical attention

Evidence Features of the MS prodrome may differ by sex, age and disease course (12, 16, 18)

Action Investigate how patient characteristics may influence presentation of the MS prodrome (e.g., age, sex, socio-economic status,

race/ethnicity/culture, health inequity) and how features of the MS prodrome may differ by subsequent disease course

Evidence Some clinical features captured before MS symptom onset (16), or a first MS diagnostic code (31), are suggestive of misdiagnoses and missed

opportunity for prompt recognition and earlier appropriate MS diagnosis

Action Need to better understand why and when these are occurring and if amenable to change, resulting in improved outcomes for people with MS

Iterative approach required; earlier recognition and diagnoses of MS will refine understanding of the MS prodrome

Biomarkers of the MS prodrome

Evidence Many individuals with radiologically isolated syndrome have symptoms that overlap with prodromal MS and subsequently develop classical MS

symptom onset (19, 20, 33)

Action Determine the relationship between radiologically isolated syndrome and the MS prodrome

Other neuroimaging biomarkers for the MS prodrome warrant study

Evidence Serum neurofilament light is elevated up to 6 years before MS symptom onset (45)

Action Establish whether other biomarkers in the CSF and serum as well as novel biomarkers, such as the composition of the gut microbiome, may be

measurable prior to, and are associated with, subsequent classical MS symptom onset

Risk factor (trigger) or prodromal feature?

Evidence Many studies focus on exposures during the few years before reported MS symptoms onset or MS diagnosis

Action Re-evaluate the MS environmental risk factor literature to determine whether associations may be due to exposure being measured in the

presumed prodromal phase rather than the true “at risk” period

Future study designs of environmental risk factors need to factor in the timing of a possible prodromal phase

Prodromal phases in other diseases and implications for MS

Evidence Criteria exist to identify other prodromal diseases; e.g., validated research criteria to identify likely prodromal Parkinson’s disease (55)

Action Examine the feasibility (including key gaps in knowledge), and the acceptability of developing research criteria for prodromal MS

Develop research criteria to identify the probability of a person having prodromal MS

and features of the MS prodrome. For example, it is reasonable
to expect serum vitamin D to be low during the prodromal
phase as people change behavior in response to increasing health
concerns, and consequently spend less time outdoors. However,
low serum vitamin D levels earlier in life may also increase the
risk of developing MS, in certain populations.

While longer term implications of the MS prodrome include
the potential for earlier recognition or diagnosis of MS, much
more work is needed before this could be applied in clinical
practice. Also, while studies to date have provided a “proof-of-
principle” that an MS prodrome exists, many of the individual
features identified are not specific to MS and are common
in the general population. However, a tangible future goal,
which could facilitate improving outcomes in MS, could be
the development of research criteria for prodromal MS. A
probability score, estimating the likelihood of an individual
being in the prodromal phase of MS is envisaged. Building
on current knowledge, including prior MS genetic risk scores

(74–76), this prodromal probability score could be based
on an optimal combination of prodromal clinical features
(e.g., depression, anxiety, pain, dermatological issues or other
combinations of features) with risk markers (e.g., age, sex, family
history/genetics) and biomarkers (e.g., serum NfL, imaging
markers [such as those observed in people with RIS], serum
vitamin D). This approach is similar to the research criteria
developed to identify prodromal Parkinson’s disease (55, 77)
and to those being tested/developed in other neurodegenerative
and autoimmune diseases including dementia with Lewy bodies
(78), Type 1 diabetes (79), and rheumatoid arthritis (4). Such
research criteria could facilitate identification of high-risk
individuals, defined using an acceptable threshold, e.g., 80 or
90% probability of having prodromal MS. This information is
envisaged for research purposes only (not clinical practice). For
example, these individuals could be offered enrollment in clinical
trials of future neuroprotective drugs or other interventions
(80). This would complement the ongoing clinical trials in
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people with RIS in which disease-modifying drugs approved
to treat MS are being tested for their ability to prevent or
to delay classical MS symptom onset (e.g., NCT02739542,
NCT03122652). Creation of validated research criteria for
prodromal MS will require further research investment to
provide greater granularity of the most relevant prodromal
features (Table 1) and will ultimately require contributions
from a broad range of international stakeholders, including
multi-disciplinary researchers, clinician-scientists and the
MS community.
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Determining effective means of preventing Multiple Sclerosis (MS) relies on testing

preventive strategies in trial populations. However, because of the low incidence of

MS, demonstrating that a preventive measure has benefit requires either very large trial

populations or an enriched population with a higher disease incidence. Risk scores

which incorporate genetic and environmental data could be used, in principle, to identify

high-risk individuals for enrolment in preventive trials. Here we discuss the concepts of

developing predictive scores for identifying individuals at high risk of MS. We discuss

the empirical efforts to do so using real cohorts, and some of the challenges-both

theoretical and practical-limiting this work. We argue that such scores could offer a

means of risk stratification for preventive trial design, but are unlikely to ever constitute a

clinically-helpful approach to predicting MS for an individual.

Keywords: prediction, polygenic risk score, Multiple Sclerosis, genetics, environmental risk score

INTRODUCTION

Multiple Sclerosis (MS) is a prototypical complex autoimmune disease of the central nervous
system. It is the leading cause of non-traumatic neurological disability in young adults, and
affects over 2 million people worldwide (1). Although the pathogenesis of MS is not completely
understood, converging lines of evidence support roles for both genetic and environmental
factors in determining MS susceptibility. A variety of environmental influences are associated
with increased susceptibility to MS; the most consistent and replicated risk factors are smoking,
childhood obesity, infectious mononucleosis, and lower serum vitamin D (2). The largest
genome-wide association study (GWAS) of MS orchestrated by the International Multiple Sclerosis
Genetics Consortium (IMSGC) discovered 233 genetic signals associated with MS, collectively
explaining around 50% of MS heritability (3).

It may be possible to quantify an individual’s susceptibility to MS based on their genetic data
and exposure to certain risk factors. In principle, if it were possible to predict an individual’s
risk of developing MS routinely in clinical practice, this could transform all aspects of MS care,
including diagnosis, treatment choices, and prognosis. Accurate and early prediction could also
pave the way for trials of preventive therapies. In reality, predicting whether a given individual will
develop MS may be a pipedream, as attempts to do so are constrained by several theoretical and
practical challenges.

In this review we discuss previous efforts to develop MS prediction algorithms and explore the
challenges facing these approaches. We present an optimistic but realistic view of how personalized
prediction may enhance MS research and care over the coming decades.

40

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.761973
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.761973&domain=pdf&date_stamp=2022-02-08
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:b.jacobs@qmul.ac.uk
https://doi.org/10.3389/fneur.2021.761973
https://www.frontiersin.org/articles/10.3389/fneur.2021.761973/full


Hone et al. Predicting MS

THE GENETIC CONTRIBUTION TO MS
RISK

Key Points
• MS is a complex genetic disease, with small effects of>200 loci

contributing to the genetic component of risk
• Common genetic factors alone could explain up to ∼20% of

MS susceptibility

Heritability estimates derived from the IMSGC meta-analysis
suggest that around 19.2% of MS susceptibility is attributable to
the additive effects of common variants across the genome (3), of
which roughly 50% could be explained in terms of genome-wide
significant and suggestive effects, leaving ∼50% of heritability
unexplained. The strongest signal from GWAS data is for the
HLA-DRB1∗15:01 risk allele (Odds Ratio of 2.9) (3). Evidence
from the IMSGC case-control exome chip study analyzing the
role of rare coding variants suggests that a further ∼10% of MS
heritability may be explained by rare (Minor Allele Frequency <

0.05) variants (4). Neither these substantial gene discovery efforts
nor smaller pedigree designs have discovered any reproducible
single-gene causes ofMS (5–19). Although raremonogenic forms
of MS not captured in these studies cannot be excluded, these
data argue for MS being a prototypical complex and polygenic
disease. The genetic component to susceptibility consists in a
large number of individually small effects scattered across at least
two hundred genetic loci.

GENETIC RISK SCORES,
ENVIRONMENTAL RISK SCORES, AND
PREDICTION OF MS

Key Points
• Genetic risk scores for MS can be calculated by summing an

individual’s number of risk alleles at each known risk locus
• Various methods exist for deciding which risk variants to

include in the genetic risk score, and how to “weight” the
contribution of individual variants

• Environmental risk score’s can be calculated in the same
fashion if the effect of a given risk factor is known from case-
control/cohort studies, and an individual’s exposure to the risk
factor can be quantified

• Efforts to predict MS using risk scores comprising genetic and
environmental risk factors have all failed to show meaningful
predictive performance on an individual level

As genotyping costs continue to fall and large biobank-scale
GWAS become available for a number of common traits and
diseases, it is conceivable that genotyping could become a
routinely-available clinical test to help predict an individual’s risk
of developing a complex disease (20). If the effects of genetic
variants on the risk of a disease are known through large GWAS,
and an individual can be genotyped at these variants, it is
straightforward to calculate the individual’s genetic risk of the
disease by adding together the sum of their risk alleles, each
weighted by its effect: for j SNPs, with βj the effect of each SNP on
MS (i.e., the log odds ratio per effect allele), and gj the individual’s
allele count at that SNP (which could be 0, 1, 2, or an imputed

dosage probability), the individual’s polygenic risk score over all
SNPs is given by

PRS =

j∑

n=1

βjgj (1)

Various methods have been developed to enhance polygenic risk
score prediction of complex traits (21). Although the principle is
universal-to combine the effects of risk alleles across the genome
using external weights derived from GWAS-these methods differ
in terms of how variants are selected for inclusion in the score,
and how the weights are tuned (22–25).

Large cohort and case-control studies, driven primarily by
Scandinavian and North American cohorts/registry data, have
consistently demonstrated that several environmental factors
play a role in determining MS susceptibility (2). Such risk factors
include low serum vitamin D, various aspects of EBV infection
(prior infectiousmononucleosis, higher anti-EBV antibody titres,
EBV seropositivity in general), childhood obesity, smoking and
various other putative factors such as head injury, solvent
inhalation, and shift work (2). Interestingly, the effect of some
of these factors appears to be potentiated by the high risk HLA
allele, DRB1∗15:01 (26–28). It is plausible that environmental
risk factors for MS are modified by an individual’s prior genetic
risk, and if this is correct, risk models which account for gene-
environment interactions are likely to outperform models which
do not.

The earliest effort to predict MS using environmental and
genetic data was published in 2009 (29). Since then, there have
been several efforts incorporating increasingly refined genetic
maps of MS susceptibility and applying this approach to novel
datasets (Table 1) (29–36, 38, 39). Broadly, these studies support
the view that genetic risk scores (GRS) / PRS can discriminate
between cases and controls. All show moderate performance
(areas under the curve, AUC, ranging from 0.52 to 0.8), but all
fall short of clinically-useful diagnostic test thresholds. Efforts to
demonstrate a correlation between PRS and subclinical evidence
of demyelination have yielded mixed results, with the largest
such cohort (∼30,000 healthy controls in UK Biobank) failing
to demonstrate an association (33, 40, 41) (unpublished data,
https://github.com/benjacobs123456/PRS_UKB_MRI). In order
to have clinical utility, scores should be able to make predictions
which are useful on an individual level. The addition of disease-
relevant environmental variables (such as prior smoking and
prior infectious mononucleosis) has been shown to enhance the
discriminative performance of these models (33).

Although these efforts highlight the discriminative capacity
of risk models en masse, the performance metrics are well
short of what would be required for a diagnostic or predictive
test. In general the methods for deriving and applying risk
scores, and the reporting of the results of such analyses
have been inconsistent in the literature. Few studies report
absolute risk estimates within deciles of the risk scores and
calibration statistics (predicted disease prevalence in each
risk decile vs. observed disease prevalence). In addition
there are discrepancies between studies in the methods for
selecting which genetic and/or environmental factors to include
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TABLE 1 | Comparison of PRS and ERS efforts in MS in literature.

References Score type MS GWAS used Population validated Results (AUC)

De Jager et al. (29) PRS 16 (MHC + non-MHC) 3 populations: 2,215 cases, 1,340 cases, 143 cases 0.64–0.70

PRS 15 (non-MHC) 0.57–0.61

PRS + ERS 16 (MHC + non-MHC) 0.68–0.74

Jafari et al. (30) PRS 6 Simulated 100,000 genotypes 0.64

PRS 24 0.66

PRS 53 0.69

Gourraud et al. (31) PRS + Female sex 17 (MHC + non-MHC) 1,213MS families (810 sporadic, 403 multi-case) 0.57

PRS 17 (MHC + non-MHC) 0.55

PRS 16 (non-MHC) 0.52

PRS + Female sex 1 (MHC) 0.58

Disanto et al. (32) PRS 60 (non-MHC) 70 patients, 79 HC 0.66

PRS 110 (non-MHC) 0.69

PRS 1 (MHC) 0.71

PRS 61 (MHC + non-MHC) 0.77

PRS 111 (MHC + non-MHC) 0.8

Dobson et al. (33) PRS + ERS 1 (MHC) 78 patients, 121 unaffected siblings, 103 HC 0.77

PRS + ERS 58 (MHC + non-MHC) 0.8

PRS + ERS – vitamin D 1 (MHC) 0.8

PRS + ERS – vitamin D 58 (MHC + non-MHC) 0.82

Ayati and Koyuturk (34) PRS 8,267 975 cases 0.64–0.65

NetPocos 243 Pocos: 3 SNPs per Pocos 0.62–0.63

Xia et al. (35)* ERS 0 113 cases, 1,683 asymptomatic first degree relative p val-0.10

PRS 64 (MHC + non-MHC) p val 1.5E-5

PRS + ERS 64 (MHC + non-MHC) p val 4.8E-6

Kulm et al. (36) Covariates + PCA only 0 1,445 cases in UKB 0.62

PRS + Covariates + PCA 23,309 0.73

Jacobs et al. (37) Covariates + PCA only 0 2,276MS cases, 486,000 controls 0.63

PRS + Covariates + PCA 200 (non-MHC) 0.67

PRS + Covariates + PCA 232 (MHC + non-MHC) 0.71

Barnes et al. (38) Covariates 0 3 populations: 15 cases, 30 cases, 97 cases 0.61–0.70

PRS + Covariates 127 (MHC + non-MHC) 0.70–0.77

*Xia et al. (35), no AUC available, results shown as p-values for discrimination between MS cases and controls using the risk score. PRS, Polygenic Risk Score; ERS, Environmental

Risk Score; PCA, Principal Components Analysis; HC, Healthy Controls.

in the score, the methods for generating polygenic risk
scores, the statistical evaluation of the model performance,
and the choice of / omission of confounding covariates
such as age, sex, and genetic principal components in
predictionmodels. Furthermore, these studies differ substantially
in terms of how the data were generated, i.e., cohort
characteristics, genotyping methods, and ascertainment of
environmental variables. The recent development of consensus
guidelines should help streamline further efforts to predict MS
using risk scores (42). Given this heterogeneity in methods
and reporting, it is difficult to make comparisons across
published studies.

CHALLENGES AND OPPORTUNITIES FOR
RISK PREDICTION ALGORITHMS

Key Points
• MS heritability places an upper bound on PRS performance

• Uncertainty about which variants are causal at a locus
leads to inclusion of non-causal variants in PRS, which
degrades performance

• Most PRS are restricted to common variants, and therefore
may miss some of the susceptibility conferred by high-impact,
low-frequency variants

• Modeling interactions between genetic and environmental
factors may improve PRS performance over models
assuming independence

• Cross-ancestry differences in LD structure and
allele frequencies limit the performance of PRS in
non-European ancestries

• Environmental risk factorsmay not be truly causal, are difficult
to measure consistently, and may have varying effects over
time, limiting their usefulness in risk scores

• The low prevalence of MS limits the clinical utility of all
individual-level risk scores, and this is disguised by focussing
on metrics like AUC, accuracy, and sensitivity/specificity
rather than the positive predictive value
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• Case-control definitions in biobank-scale datasets used for risk
score evaluation may be imperfect

• If there are truly random processes which contribute to MS
pathogenesis, these are difficult to capture with risk scores

MS Heritability Places an Upper Bound on
PRS Performance
The broad-sense heritability of MS-the proportion of phenotypic
variation explained by genetic variation-places a theoretical
upper limit on the performance of polygenic risk score prediction
alone (43). Whilst generous estimates from twin studies estimate
a broad-sense heritability of 50% (44), SNP heritability-the
proportion of phenotypic variation attributable to additive effects
of all typed/imputed SNPs across the genome-was estimated at
19.2% in the most recent GWAS (3). Genome-wide significant
and suggestive loci only explain ∼50% of this SNP heritability.
These considerations emphasize the limitations of PRS generated
using common, genome-wide significant markers. Even PRS
which incorporate weaker effects across the genome are bounded
by the h2SNP of 19.2%. There are several explanations for missing
heritability, which we discuss below, some of which could be
overcome to improve MS prediction scores.

Selecting Causal Variants for Inclusion in
PRS
The classical “clumping-and-thresholding” approach to variant
selection for PRS selects variants for inclusion at each
independent locus (defined by an arbitrary ‘clumping’ linkage
disequilibrium and physical distance window), selecting the
variant with the strongest statistical association with the trait
(i.e., lowest P-value). Unfortunately, the variant with the lowest
P-value is unlikely to be the true causal variant / one of the
causal variants at the locus (45). Unless the included variant
is in perfect LD (R2 = 1) with the true causal variant, the
performance of the PRS will be vulnerable to the LD structure
in the region, and may perform poorly even in the presence of
subtly different LD (where the true causal effect will be less well-
captured by the included variant). Methods incorporating local
LD structure to estimate SNP effects, such as LDpred, overcome
this concern to a degree and lead to appreciable improvements in
prediction accuracy (23).

Rare Variation
Rare variation may account for some of the missing heritability
and thus improve PRS performance. Realistically, however,
rare variants may have large effects for individuals, but they
are unlikely to explain substantial phenotypic variation on a
population scale. A variant with an odds ratio of 8 but a minor
allele frequency (MAF) of 0.001 will only be observed, on average,
once in a population of 500 people. Although this may have a
substantial impact on that individual’s risk of MS, it has only
a limited impact on the overall performance of the score in
the population.

Although heritability estimates suggest that rare (MAF <

0.05) coding variation may account for a sizeable proportion of
MS heritability, the largest effort to date using the exome chip
platform revealed only five associated variants within four genes

outside of known MS risk loci (4). As the landscape of rare
variant contributions toMS becomes clearer through large exome
sequencing efforts, further performance gains may be derived
from including rarer variation in PRS.

Interactions
A simple additive PRS does not account for gene-gene or gene-
environment interactions. External weights taken from GWAS
assume that the effects of SNPs are constant regardless of the
individual’s genetic background or exposure to environmental
risk factors. Various methods have been developed to account
for gene-gene and gene-environment interaction in determining
PRS weights. Such methods include use of conditional summary
statistics, e.g., those derived from the Conditional Joint
Analysis (COJO) method, which calculates effect sizes for SNPs
iteratively, conditioning on each SNP in turn, starting with the
strongest association (46).

Non-linear machine learning methods, such as gradient-
boosted trees and random forests, can also account for high
order interactions between SNPs without needing to specify these
interactions a priori, and have been shown to afford prediction
gains for complex traits in large datasets (47). It remains unclear
to what extent this approach will lead to improvements in MS
prediction, as widespread gene-gene interactions have not been
observed outside of the MHC region in the largest sample
size GWAS (3, 48). The preliminary evidence for interactions
between PRS and environmental risk factors for MS suggests that
incorporating GxE interaction terms into risk models may lead
to further power gains (37).

Cross-Ancestry Portability
Accurate risk estimation with PRS relies on the “true” SNP effects
in the target population (i.e., the individual/s being tested) being
similar to the estimated SNP effects from GWAS. Measured
SNP effects in one population may differ substantially from
the effect of the variant in a different ancestral population due
to the different LD structures, different allele frequencies, or
other factors (such as ancestry-specific gene-gene and gene-
environment effects). This is a major problem for PRS derived
from GWAS of individuals of European ancestry, and has
been empirically demonstrated to result in poorer quality
predictions for individuals of other ancestral backgrounds (49).
Novel statistical methods can improve prediction in non-
European populations, for instance by incorporating information
from multiple ancestries (50) or prioritizing variants based
on functional annotations (51). Preliminary evidence from
small non-European MS cohorts suggests that the genetic
architecture of MS is not identical for people with Hispanic
or African ancestry (52–54). Larger GWAS of MS in non-
European populations are likely to improve predictive scores for
these populations.

Environmental Risk Factors
Intuitively, including established environmental risk factors for
MS should lead to improvements in prediction accuracy over
genetic risk models alone. Generally, efforts to combine PRS and
environmental risk factors have shown modest but appreciable
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improvements in discriminative performance (Table 1). Several
problems limit the value of adding environmental variables to
risk scores.

First, included variables may not represent truly causal
risk/protective factors. Although a large number of putative
environmental risk factors have been linked to MS, it remains
unclear whether some of these associations are spurious,
reflecting confounding and/or bias rather than causality.
Mendelian randomization (MR)-an instrumental variable
approach-can be used to provide further support for causality,
and has added weight to the concepts that childhood obesity and
low serum vitamin D are causal risk factors, whereas the evidence
for smoking has been less conclusive (55–60). Clearly, inclusion
of environmental risk factors which represent confounding or
bias rather than causal associations may increase the noise in
prediction scores and limit the utility of such scores.

Second, environmental risk factors are notoriously difficult to
capture and record accurately in large cohort settings. Precise
phenotype definitions, methods of testing, timing of the study
(prospective vs. retrospective), and various cultural influences
may lead to subtle heterogeneity in phenotype definition across
cohorts, and thus the effect estimates for the effect of a risk factor
in the original case-control/cohort setting may not be accurate
when applied to the testing or validation cohort.

Third, unlike genetic variants which are (largely) static
throughout life, environmental risk factors for MS are dynamic
and time-dependent. Thus, the timing of the exposure may
be critical in determining the effect on MS susceptibility.
For instance, converging evidence from observational and MR
designs suggests that obesity during adolescence is a risk
factor for MS (59, 61, 62). Crude risk scores which consider
environmental risk factors as static and binary, e.g., whether
or not an individual has ever smoked or had IM prior to MS
diagnosis, are a gross oversimplification and miss the time-
varying effects of such exposures on the risk of MS.

Some further general concerns apply to the use of
environmental risk scores, some of which also apply for
genetic risk scores. These concerns include the stability and
accuracy of effect estimates derived from finite sample sizes,
the somewhat arbitrary choice of which variables to include,
the difficulty in including relevant confounding covariates
without introducing multicollinearity (e.g., controlling for
socio-economic status to assess the effect of smoking status), and
whether to include interaction terms in the model or consider
effects as independent.

Interpreting Performance Statistics
Most studies report the discriminative performance of
PRS/hybrid risk scores, often quantified using the area under
the curve (AUC) of the receiver operating characteristic (ROC)
curve. The AUC can be thought of as the probability that a
randomly selected case will have a higher score than a randomly
selected control. Thus, the AUC is a relative measure of the
risk distribution in cases vs. controls, but gives no sense of the
absolute disease risk for any given individual at any point in
the risk score distribution. Similarly, other metrics of overall
PRS performance in a population disguise the fact that on an

individual basis, prediction accuracy at an individual level often
falls far short of that what would be required for a clinically-
useful test. Such metrics include model fit metrics such as
Nagelkerke’s pseudo-R2 (which quantifies the proportion of
variation in disease liability explained by the risk model) and the
odds ratios for disease at each given PRS quantile.

For relatively rare diseases such as MS (with a population
prevalence ∼0.2% in the UK https://www.gov.uk/government/
publications/multiple-sclerosis-prevalence-incidence-and-
smoking-status/multiple-sclerosis-prevalence-incidence-and-
smoking-status-data-briefing), the differences in absolute risk
between deciles of the risk score are generally very small. For
example, in our analysis of the >2,000MS cases and >480,000
controls in UK Biobank, we report an impressive-sounding AUC
of 0.71 for the best-performing PRS (including the MHC region).
However this metric hides the fact that the difference in disease
prevalence between the highest decile and lowest deciles of the
PRS was only 1% (1.2% in the highest decile vs. 0.2% in the
lowest decile) (37).

To illustrate this point, consider a sample population of 10,000
people with an MS prevalence of 0.5% (i.e., 50 people have
MS, 9,950 people do not have MS). If the PRS distributions in
cases and controls follow a standard normal, with mean = 0 in
controls and mean= 3 in cases (NB this is an unrealistically large
effect), amodel based on PRS alone could discriminate cases from
controls with an AUC of 0.98. For the purposes of a diagnostic
or predictive test, a threshold needs to be established such that
individuals over that threshold are considered high-risk, and
those below considered low-risk.

Selecting a PRS threshold that yields sensitivity and specificity
>90% identifies as high-risk all 50 people withMS (i.e., sensitivity
is 100%), but also identifies 975 healthy controls as high-risk.
Therefore, the positive predictive value (PPV) is only 5%, i.e.,
among individuals labeled as “high-risk” by the PRS cutoff, only
5% (50/975+ 50) would truly have MS.

The PPV, unlike sensitivity and specificity, depends on
population prevalence (for these same parameters, the PPV
would be 33% at a prevalence of 5, and 51% at a prevalence of
10%), and thus provides a more realistic means for appraising
the potential clinical utility of a risk score. This illustration
emphasizes why risk score prediction is more likely to be
clinically useful for common traits and diseases. We have
published a Shiny app to illustrate this problem (https://
benjacobs.shinyapps.io/PRS_individual_predictions/).

Case Definition for Validation of Risk
Models
The evaluation of predictive models requires a large sample
of cases and controls. Other than specialized disease biobanks
in which MS diagnoses are rigorously checked against the
McDonald criteria, case definitions for prediction studies are
often derived from electronic health record (EHR) data; this is
the case for most large biobanks, such as UK Biobank. Although
these biobanks offer large sample sizes, especially for controls,
there is a concern that EHR diagnoses may not be as accurate
as McDonald-defined MS, and that some individuals may be
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misclassified as having MS. The high rate of MS misdiagnosis in
clinical settings makes this a very real concern which could derail
efforts to validate predictive scores in this setting (63).

Reassuringly, there is substantial similarity between
individuals with self-reported MS and those with ICD-
coded MS in UK Biobank, and the results of our analyses are
unaffected by using more stringent criteria for classifying cases,
e.g., restricting to individuals who have more than one source
of diagnostic report (from self-report, GP records, Hospital
Episode Statistics, and other sources). Although this will never
achieve the accuracy of McDonald diagnosis, it is a necessary
and passable simplification in our view that allows researchers to
understand MS using biobank-scale data.

Modeling Stochastic Processes
Given a generous estimate of 50% for the broad-sense heritability
of MS and the individually small effects of environmental risk
factors (ORs <= 3.6) (2), it is likely that a sizable proportion
of MS susceptibility will remain unexplained. As discussed, there
are various explanations for this explanatory gap. A particularly
plausible argument is that the pathogenesis of complex diseases
like MS is akin to cancer in that it involves stochastic hits which
may vary from individual to individual, and are therefore difficult
tomeasure in large cohorts. The biological underpinnings of such
a process are open to speculation, but could plausibly involve
events such as somatic mutations in disease-relevant tissues,
aberrant breaking of immune tolerance by lymphocytes, or
encountering a particular pathogen (64). A recent controversial
modeling study supported this view (65). If correct, some
elements of MS pathogenesis may be near impossible to quantify
in a predictive model and would limit the maximum possible
performance of such a model.

PERSPECTIVES

Despite major advances in our understanding of environmental
and genetic risk factors for MS, efforts to combine this
information into predictive scoring systems has been

disappointing. There are several theoretical reasons for
this-the low population prevalence of MS, missing heritability,
imprecisely-measured environmental effects, and possibly a
stochastic contribution to pathogenesis which is challenging
to quantify. However, there are several challenges which could
be overcome. Novel approaches to polygenic risk scoring,
modeling interactions between genetic and environmental
factors, GWAS of non-European cohorts, and use of large
biobank-scale datasets to tune and validate scores offer exciting
avenues for MS prediction research. For reasons we have
discussed, we are unlikely to be able to predict MS on an
individual basis with an acceptable accuracy in the near
future. Risk scores may, however, be useful to identify high-
risk individuals to enrich populations for trials of preventive
therapies, such as an EBV vaccine. In our worked example,
we illustrate how a PRS could be used to identify a subset
of individuals with >10x the prevalence of MS compared to
the unselected population. Further work is required to ensure
broad applicability of risk scores across different ancestral
populations, to demonstrate the validity of such scores in
prospective work, and to work with people with MS and other
stakeholders to communicate the value of, and the considerable
caveats surrounding, the use of predictive scoring systems in
clinical settings.
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Prevention of multiple sclerosis requires intervention on modifiable causes of the

condition making it necessary to establish what those causes are. MS is often stated

to be a polygenic disease, with causal contributions from environmental factors and

gene-environment interactions, implying an additive and independent relationship of

these factors. Mechanistically there are no independent contributions of genes or

environmental factors to traits. This model is unrealistic but still useful and underlies

the concept of heritability, a foundational parameter in population genetics. However,

it perpetuates a debate on an irreconcilable dichotomy about whether MS is primarily

genetic or environmental. In particular, epidemiological evidence now exists for a causal,

possibly even necessary, role for Epstein Barr Virus in MS. The additive model makes it

unintuitive to reconcile MS as a genetic disease but also independently a viral illness. In

this perspective it is argued that starting from a realistic interaction only model, based on

broadly accepted biological premises, and working forward to explain why the classical

additive model gives useful results, there is actually no paradox. An integrated approach

using population genetic studies, immunology and molecular virology offers a particularly

promising route to establish the elusive role of EBV in MS pathology, as EBV is a large

and complex virus and its latency, dysregulated in most EBV-related pathologies, is hard

to study in vivo. This approach may offer a route to prevention of MS altogether.

Keywords: multiple sclerosis, genetics, environment, Epstein Barr Virus, virus, prevention, autoimmunity,

neuroinflammation

1. INTRODUCTION

Prevention of multiple sclerosis (MS) occurring altogether, rather than prevention of MS disability
by early diagnosis and effective treatment, would require intervening on the modifiable causes of
MS, making it critical to establish what those are. However, fortunately much is now known about
specific factors contributing to variation in MS risk (1).

Evidence for MS susceptibility being genetic is incontrovertible, and converges from many
sources: aggregation of risk in families (2–5), robust genotype-phenotype associations for particular
HLA alleles and over 200 non-HLA loci (6), from adoption studies (7), etc. Likewise, changing
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disease incidence over a small number of generations (8, 9),
marked geographical variation in disease risk between and
within countries coupled with findings of migration studies
(10, 11), and serological [Epstein Barr Virus (EBV)] and robust
lifestyle (smoking, adolescent obesity and vitamin D deficiency)
associations indicate the importance of environmental factors
even decades prior to diagnosis (12). Particularly, in the case of
EBV infection, which is the only consistent, strong, and temporal
association (genetic or environmental) that has thus far been
suggested to be necessary for MS (13–25), the evidence for a
causal relationship in at least most cases ofMS is unusually strong
as specific viruses are rarely necessary for clinical syndromes (and
are perhaps never sufficient), so the apparent necessity of EBV
in MS is strikingly unusual (26). The epidemiological association
between EBV and MS has been reviewed previously (27–29), but
it may be noted that genes and EBV do not appear to explain all
of the epidemiological observations, and whilst the second half
of this perspective will focus on opportunities to use genetic and
immunological studies to understand the role of EBV in MS, this
suggests that other important factors contribute to causing MS
(12). Other “hits” may even be necessary.

Clearly both genes and environment are important, but
currently it is usually not possible to intervene to modify
an individual’s genes to prevent disease and antenatal genetic
screening as a method of prevention brings a myriad of serious
ethical concerns. However, a powerful feature of understanding
the genetic architecture of a disease is that it can lead to the
identification of environmental factors which may be modifiable
or can reveal the biological pathways that these factors are acting
on. Drugs can be targeted to particular biology, and protective
or harmful environmental factors can be epidemiologically
identified by their genetic interactions and exposures modified.
For a complex environmental factor like EBV infection, the
pathobiology can still be an enigma even after the evidence
for causation is strong. In this case, combining insights from
genetics, virology, and immunology and reconciling the genetic
and environmental factors into an integrated etiological model
may be a very fruitful path to prevention of disease altogether.

2. THE ROOT OF THE NATURE VS.
NURTURE FALSE DICHOTOMY

Acknowledging the epidemiological data, MS is often described
as a complex genetic disease, with important causal contributions
also coming from environmental factors and gene-environment
interactions (30–37). This statement and paraphrases of it
sound etiological but actually describe the classic additive
model of population genetics which is primarily concerned
with a related but different concept: partitioning the variation
of a trait observed in a given population into the sources of
that variation (Equation 1) (38, 39). Where total variation in
phenotype (P) in the population, is statistically “explained” by
the linear (independent or additive) combination of variation
in phenotype due to genetic (G), and environmental factors (E),
and their interactions (G × E). In the case of MS, the phenotype
is risk or liability to develop MS [a continuous unmeasured

(or latent) variable], where exceeding some threshold liability
leads to disease penetrance (Figure 1). This partitioning also
underlies the concept of heritability, which, for the purposes of
statistical genetics, is defined as the proportion of phenotype
attributable to the genotype term (G/P). Heritability, is a key
parameter in population genetics, but “heritable” had a common
language meaning dating to the fourteenth century in English
and an established legal meaning relating to the inheritance of
property before it had a technical one limited to partitioning
statistical variation. Consequently, it is often confusingly used
with imprecise or interchanging meanings (40).

P = G+ E+ (G× E) (1)

To illustrate the problem with confusing this with an etiological
model, we can consider the issue of gun crime. Gun crime is
entirely an interaction between guns and criminals and there
are no additional independent mechanistic contributions to gun
crime from guns or criminals. All gun crime is 100% due to
the interaction. However, if guns and criminals were modeled as
independent factors to explain variation in gun crime, it might
be possible to explain some % of the variation in gun crime
across cities based on gun availability, even though it makes no
mechanistic sense to say that (e.g.,) 60% of gun crime can be
explained independently by the availability of guns and so gun
crime is 60% caused by guns and 40% by criminals.

The fundamental problem with considering the model in
Equation (1) as an etiological model, therefore, is that it implies
that genes and environment contribute independently [in the first
two terms (G) and (E) of Equation 1] when it is widely accepted
that this is unrealistic. The addition of a more mechanistically
plausible gene-environment (GxE) interaction term does not
resolve the issue of the first two terms being mechanistically
implausible. Population genetic studies typically partition both
variation in phenotype due to genes and environment further:
for example, into contributions from individual and shared
environment; and into additive, epistatic, and dominant genetic
influences. However, the initial partitioning into independent
genetic and environmental terms is the root of the nature vs.
nurture false dichotomy (41). This gives rise to an apparent
paradox when a disease, such as MS, appears to have a
strong genetic basis but also to be the result of a necessary
environmental factor.

“Without environmental inputs, your genome would have created

nothing more than a damp spot on the carpet.”

Lykken, 1995

“if there is no environment, no organism can develop to display

any phenotype whatsoever. Likewise, without a genetic constitution,

there will be no organism.”

McLearn, 1964

“It is needless to insist that neither [nature nor nurture] is self-

sufficient.”

Galton, 1874
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FIGURE 1 | Surface representing the f(G,E) where phenotype is an interaction of genotype and environment. (A) From above. (B) Angled.

The above quotations and compilation of views from many
authors on the merits of heritability and the nature vs. nurture
debate is available in Sesardic, Making sense of Heritability,
2005 (42), illustrating more than a century of consensus on the
unrealistic nature of this model.

In the next section of this perspective, a simple derivation
of the additive model (Equation 1) is derived from a more
biologically realistic model and the historical context and
implications for understanding MS epidemiology are discussed.
Thereafter, it is argued that by focussing the tools of population
genetics, immunology, and molecular epidemiology on the
difficult problem of latent EBV, an elusive epigenetic master
manipulator of memory B cells, and by investigating MS
as both a complex genetic disease and probably a viral
pathology simultaneously, exciting opportunities for attempting
MS prevention may arise.

3. RECONCILING THE ADDITIVE MODEL
OF POPULATION GENETICS WITH
MOLECULAR GENETICS

3.1. Historical Perspective—The Additive
Model Is Useful but Incomplete
The field of population genetics, and by extension MS genetics,
is arguably founded on this model (Equation 1) and the
heritability parameter, as they implicitly underpin the early
work of pioneers Ronald Fisher and Sewall Wright. Particularly,
Fisher’s famous 1918 paper and subsequent work that set a
mathematical foundation for reconciling Mendelian discrete
units of inherited traits with the observations of continuous
variation in traits like height measured by the early quantitative
biometricians (43). Fisher’s solution was to develop the statistical
tools to partition the variance of traits in a population—
variance could be quantified—into contributions from heritable
(genetic) factors measured by the correlation between relatives

and everything else. The concept and mathematics of correlation
had been developed essentially for this purpose by Galton
and Pearson, respectively. Fisher built on this, including by
inventing the statistical technique of Analysis of Variance
(ANOVA) which is based on the linear or additive segregation
of contributions to variance. Wright’s application of his method
of path analysis, the ancestor of many modern techniques
of causal inference, is analogous to Fisher’s ANOVA in this
respect as both chose to partition genes and environment
as though they were independent (44) and all work based
on the concept of heritability has carried the underlying
partitioning since.

Initially, this approach was probably adopted because very
little was known about the biochemical nature of genes in the
era prior to the discoveries of Avery et al. (45) and Crick and
Watson (46), and so it was perhaps as reasonable a choice
as any other model. Although the prejudices of the scientific
establishment were almost surely also relevant and fueled the
eugenics movement of the time. If Fisher and contemporaries
thought about the biological nature of the units of heredity
whilst establishing the mathematics in the first four decades of
the twentieth century, they probably thought they were likely
to be proteins, discrete material units, capable of extraordinary
complexity, that might actually have exerted independent effects
to external environmental factors. However, biologists criticized
this early mathematical work for being overly theoretical, and
subsequently, when years later the nature of genes as code
for biochemically interpreting the environment was discovered,
as mechanistically unrealistic. However, by that time, decades
of theory based on the additive model had proved to work
successfully enough that attempts to point out it was unrealistic
did not dissuade its use.

“I do not feel that this kind of work affects us biologists much at

present. It is too much of the order of problem that deals with

weightless elephants upon frictionless surfaces, where at the same
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time we are largely ignorant of the other properties of the said

elephants and surfaces.”

Biologist R. Punnett’s lukewarm review of Fisher’s now famous 1918

paper at the Royal Society of London.

3.2. All Models Are Wrong, but If This One
Is Unrealistic Why Is It Useful

P = G× E (2)

To address the realism problem, that biology supports interaction
only (Equation 2) and not independent contributions (Equation
1), population genetics texts offer the disclaimer that additive
model and heritability tells us not about individuals or
mechanistic causes but rather about the causes of variance in
the specific populations n > 1 under investigation and that
these findings are not necessarily valid if generalized to other
populations or to individuals (as can be understood in the gun
crime analogy) (40, 47).

But the idea that the sign can change from interaction
(multiplicative) to addition just because the population n >

1 is surprising. The simplest population is two individuals,
and Equation (1) is unrealistic here too, as the phenotypes of
the population are the sum of the two individual phenotypes,
generally P =

∑n
i=1(Gi×Ei). So when is a population big enough

for the additive approach to work and why? Perhaps more
importantly, this risks underselling the mechanistic insights that
are gained from studying the heritability of traits in populations.
Genes that are associated with variance in the risk of MS in large
GWAS, do inform as to the biological pathways mechanistically
important for MS pathology in individuals because genes and
environment act on individuals and do not have effects on the
phenotypes in a population except via the sum of their effects
on individuals. If a variant in a gene causes variation at the
population level, it can only do so by being a mechanistic cause
of the trait in at least some individuals.

Causes of variation in a population are, therefore, a subset of
the mechanistic causes of that trait. However, other important
mechanistic causes may not be responsible for any variation, for
example, because they are ubiquitously experienced, or strongly
associated with other causal factors that negate their associations:
just as association does not imply causation, causation does not
imply association.

The analogy of gun crime is useful because it highlights where
the model stops being useful. If we did not know the mechanistic
nature of gun crime, we might infer the importance of guns
from discovering that their availability explained some of the
variation across cities, whereas variation in access to spoons,
kitchen chairs, or other household objects does not. But, if
everyone had abundant and equal access to guns we would need
a different approach despite guns still being a necessary cause
of gun crime. Similar inferences can be drawn from the study
of genetic variation and association with traits of interest at
the population level for diseases like MS where the causes are
less obvious. However, caution is particularly necessary not to
discount the contribution of genes that are tightly conserved and
environmental exposures that are ubiquitous or nearly so.

3.3. Deriving the Useful Additive Model
From the Realistic Interaction Model
Starting from the premise that MS is exclusively the product
of gene-environment interactions, gives the interaction model
in Equation (2) which captures the reality of mechanism but
otherwise is not useful. Working forward to derive the useful
additive one (Equation 1) gives an insight into why the additive
model gives useful results and makes the meaning of parameters
derived from it (like heritability) more intuitive. A geometric
representation of this is presented in Figure 2 for the simplest
possible population (n = 2). First, if we consider that all the
causal factors for any phenotype can be partitioned into those
that are also causing variation in the population and those that
are causal but not causing variation (for example, because they
are ubiquitous), then we can model the total (varying and non-
varying) effects (P) and causes (G,E):

Pt = Gt × Et (3)

where the subscript (t) denotes the total effects (P) or causes (G,E)
for each term. Each term can then be partitioned into mutually
exclusive and jointly exhaustive sets based on whether they are
also observed to be varying (P) or causing variation (G,E) in
the given population (v, varying) or not (c, constant). So the
total phenotype Pt is the sum of the phenotype that is varying
Pv and that which is not varying (common to everyone in the
population) Pc, and similarlyGt is the sum of causal genes that are
also causing variation Gv and those that are not causing variation
Gc, and so on for environment. As below (Equation 4),

Pt = Pc + Pv;Gt = Gc + Gv;Et = Ec + Ev (4)

If we then say that we are only (for practical reasons) interested
in the part of the phenotype that is varying, because that can
be quantified using the units of population variance, then we
need to subtract Pc, which will be only the component with no
contributions to variation (v terms) (Equation 5).

Pc = Gc × Ec (5)

and so by rearranging the first Equation in (4), and substituting
the right hand side of Equation (5), we can get,

Pv = Pt − (Gc × Ec) (6)

and by replacing Pt with the right hand side of (Equation 3)
we get,

Pv = (Gt × Et)− (Gc × Ec) (7)

which expands using definitions for Gt and Et in (Equation 4) to,

Pv = (Gv + Gc)× (Ev + Ec)− (Gc × Ec) (8)

and after expansion of the first two bracketed terms, the constant
terms (Gc× Ec) cancel out. Giving,

Pv = (Gv × Ec)+ (Ev × Gc)+ (Gv × Ev) (9)
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FIGURE 2 | Geometric representation of the partitioning of causes of a phenotype into genetic and environmental causes that are causing variation in the population

and non-varying causes. Just as genes and environment are inseparable in causing phenotypes, the area of a rectangle cannot be considered to be mainly the

product of either its length or width. However, if an individual’s genes are represented on one axis (length) and their environment on an orthogonal axis (width) and

phenotype represented by the area, then in a population of such individuals, most of the variation in area(phenotype) across the population can come from variation on

one of the axes [e.g., the length (genes) axis]. For the simplest possible population, two individuals (two rectangles), we can see visually how Equations (1) and (3) are

related. (A) Partitioning phenotype in a population (two individuals), phenotype of interest is represented as height, but any phenotype could be partitioned as such, (B)

two populations of rectangles where the variation in area across the population is mostly the result of variation in length rather than width. (C) Phenotype represented

as the product (area) of two necessary interacting factors. (D–F) Partitioning causal genes and environmental factors into common and varying contributions. (G)

Decomposing the genetic and environmental contributions to phenotypic variation (Pv) into the additive model. (H) This model only works when the G and E terms are

measured in terms of phenotype, when measured in units of genes or environment themselves the model would require a different (multivariate) model.

If we take any given population as having fixed conditions (for
example, because they’ve already happened), then the constant
terms can be treated as constants and ignored (as long as we
remember that they do exist and may not necessarily be the same
level or constant in other populations, see Figure 2B), then we
get back to the classical additive model (Equation 1). All terms
can then bemeasured or calculated in units of variation/deviation
from the mean phenotype to allow them to be quantitatively
interrogated. This is equivalent to mean centering (subtracting
the mean value of phenotype (µ), scaling by standard deviation,
and adding some random measurement error (ǫ), giving the
familiar linear model:

Pv − µ = (Gv − µ)+ (Ev − µ)+ ((Gv × Ev)− µ)+ ǫ (10)

This demonstrates that the additive model (Equations 1 and
10) is an incomplete simplification of a realistic interaction
model (Equation 9). It will be generalizable to populations other
than the one it is fitted on only in the special circumstance
where the environmental causes and genetic causes are the
same and are partitioned in the same way. That is, when
the same genetic and environmental causes are present and
are also contributing to variation or not in both cohorts.
Whether this is the case or not depends on what these
factors are and how similar exposure profiles are in the
populations in question. This implies that heritability is actually
best understood as the proportion of variation explained by
the interaction of genes that are causing variation in the
population with ubiquitous causal environmental factors, not as
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the proportion of variation explained by genetic variants acting
independently.

3.4. Implications of This Model to MS
Epidemiology
The first implication is that if a trait such as MS were to
be 100% heritable it would only mean that the environmental
factors causing it are not causing variation, not that it is a
purely genetic disease and environmental causal factors are
unimportant. Rather they will surely exist, but probably will have
been ubiquitous or near ubiquitous, but without knowing what
they are it is impossible to say whether they are modifiable,
necessary for some other physiologically essential reason, or
unavoidable environmental factors. Therefore, the necessity of
a near ubiquitous virus like EBV is no barrier to observing a
heritability considerably higher even than that which is actually
observed in the case of MS. In fact, the more ubiquitous a
necessary environmental factor is the higher the heritability will
tend to be and the more aggregation in families that should
be expected if causal genetic variants are also contributing
to variation in the population. Therefore, there should be no
theoretical conflict in accepting MS as a complex genetic disease
and also the consequence of a viral infection simply on the basis
of its heritability or aggregation in families.

The fact that the heritability of MS is much <100% probably
speaks to the importance of other less ubiquitous environmental
factors (beyond EBV) causing variation mostly by interacting
with conserved genes Ev × Gc (the equivalent term to E in
Equation 1) although it could in theory be possible that varying
exposure to different strains of EBV (some pathogenic and some
not) or timing of infection could account for some reduction
of heritability. Whilst hypothetical, both have been suggested
(48–50), and were it to be the case would add another layer
of complexity, as when EBV is acquired in childhood, it is
typically acquired from within the family unit. Therefore, as with
human genes, EBV is also inherited identically by descent to an
extent. This would mean that some aggregation due to shared
ancestry could be mis-attributed to shared human genes, where
the correlation between relatives in phenotype is also affected by
the correlation between relatives in the pathogenicity of the strain
of virus or timing of infection.

A second related implication, is that changes in exposure to
environmental factors over time or space will affect estimates
of heritability even where the frequency of gene variants
are unchanged. Consider two otherwise identical hypothetical
populations, where in one 30% of individuals smoke, and the
other everyone does. Because smoking is an established risk
factor for MS, the effect of increased smoking in the all-smoking
cohort would be to inflate the (Gv × Ec) term (Equation 9).
In the classic additive model (Equations 1 and 10) this term is
thought of as representing the genetic influencesG. Therefore, an
increase in environmental exposure, would counter-intuitively be
reflected in higher estimates of genetic influence and heritability
in the all-smoking cohort, and lower estimates of the influence
of environmental factors and gene-environment interaction. At
least, that is, if taking Equations (1) and (10) at face value

(forgetting that each term does in fact represent a mechanistic
G and E interaction). Higher estimates of heritability in locations
with higher MS incidence has been demonstrated, and the more
realistic model (Equation 9) explains the counter-intuitive but
probably correct conclusion that the higher heritability in higher
incidence populations is likely to reflect a higher burden of
environmental exposures (51, 52). Although strictly speaking the
heritability will increase when the environmental exposure is
more constant and this could be higher or lower mean exposure
or the same so long as less variation occurs (consider populations
where 25% of individuals smoke one packet of 20 cigarettes per
day vs. populations where 100% smoke either 1, 5, or 40 cigarettes
per day). The latter three populations would all be expected to
have higher heritability than the first cohort all else being equal.

A further implication is that despite replication in large
genetic studies being important in eliminating associations
caused by biases arising from observational nature of the study
design, genotype-phenotype associations that do not replicate
across cohorts may include some of the most interesting
real causal associations. Because where genotype-phenotype
associations do not replicate due to differences in environmental
exposures captured under Ec between cohorts, it suggests that
these environmental exposures are probably modifiable (despite
not causing variation in either cohort independently). This
could occur if, for example, a causal environmental factor is
ubiquitously present in one cohort but not another. This may
be of particular interest in the case of MS where there is
wide variation in incidence between nations/regions/cultures
(where ubiquitous exposures could plausibly differ), and where
environmental exposures have been suggested to vary “at the
population level” (31). If the two hypothetical near-identical-
except-for-smoking cohorts in the previous paragraph, had
smoking prevalences of 0% (not 30%) and 100%, then smoking
would differ at the population level (i.e., between the populations)
and not contribute to variability within either cohort. However,
some of the gene-phenotype associations present in the all-
smoking cohort [captured in the (Gv × EC) term], but not
replicating in the non-smoking cohort would reveal genes that
mediate the causal effect of smoking.

Critically, all terms (P,G,E) on both sides of these equations
are in units of variation in phenotype, which may be important
for considering how specific causal factors are divided between
the terms. This means that a given environmental or genetic
factor may fall into more than one category (c) or (v) in differing
proportions, because the model would have to be specified
differently (from the bottom up) if each gene or environmental
factor were to be partitioned into one or other term (Figure 2H).
For example, in a matched case-control GWAS study for MS 90%
of controls will have EBV, and 100% of the cases will (if EBV is
necessary forMS), so 90% ofmatched pairs will be concordant for
the apparently necessary factor, the virus. EBV would be reflected
in the EC terms of Equation (8) for 90% of pairs, and for the 10%
will contribute to the EV containing terms. This would also mean
that 10% of controls in these studies are therefore not at risk of
MS due to being EBV naive, meaning that all estimates for genetic
variants associated withMS will have effect sizes diluted or biased
toward a null effect because some of the controls are not at risk

Frontiers in Neurology | www.frontiersin.org 6 February 2022 | Volume 13 | Article 81767753

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kearns MS: Complex Trait Viral Illness

regardless of their genetic risk. Thus, if EBV is a necessary cause
of MS, then the effect sizes genome-wide for SNP associations
with MS are likely to be systematically underestimated by 10%.
As the underlying models differ, this may explain some of the
missing heritability phenomenon that occurs when top down and
bottom up approaches to calculating heritability do not agree.

4. EPSTEIN BARR VIRUS: A MASTER
EPIGENETIC MANIPULATOR OF B CELLS

4.1. Epidemiological Framework for
Identifying Causal Associations
The epidemiological literature has been reviewed multiple times
in the context of converging evidence, and is at least consistent
with MS being a complication of EBV infection (27–29, 53, 54),
but no definite counterfactual or experimental evidence exists to
prove or disprove whether EBV causes MS, as no antiviral drug is
known to clear latent EBV infection and as yet no vaccine protects
from infection. However, classical causal theoretical frameworks
can be considered strongly supportive. For example, the first
four criteria set out by Bradford-Hill as the most important for
judging an epidemiological association to be causal, overlap the
criteria of a founder of causal philosophy, David Hume (55, 56).
Hume identified strength, consistency, and temporality (cause
before effect) as hallmarks of causal associations, and this insight
underpins Bradford-Hill’s attempt to establish a framework for
epidemiological causal inference. Bradford-Hill made it clear that
his nine criteria were not a checklist, but an ordered list with
Hume’s criteria three of the most important four determining
when an association is likely to be due to cause and effect (56):

1. Strength of association (measured as ratio, not as an
absolute difference): “First upon my list I would put the strength
of the association... in this situation I would reject the argument
sometimes advanced that what matters is the absolute difference
between the death rates of our various groups and not the ratio
of one to the other. That depends upon what we want to know. If
we want to know how many extra deaths from cancer of the lung
will take place through smoking (i.e., presuming causation), then
obviously we must use the absolute differences between the death
rates... But it does not follow here... that this best measure of the
effect uponmortality is also the best measure in relation to etiology.
In this respect the ratios... are far more informative”

The EBV-MS association is very strong, such that cases of
EBV-naive MS, if they exist, are extremely rare, whereas 5–10%
of the adult population will be EBV-naive (21). In fact, if one
accepts that EBV is found in 100% of individuals with MS in
large cohorts, if sufficiently sensitive methods are used (21), but
only in 90% of healthy controls, then the point estimate on the
odds ratio (odds of disease given exposed/odds of disease given
unexposed) would be infinite and the lower bound on confidence
very large. Given small biases cannot cause large effect sizes,
Bradford-Hill argues that on this criteria alone, in the face of
such a strong association, similar to that seen in the association
between smoking and lung cancer, a non-causal explanation for
the association, if it exists, should be obvious:

“Though there is good evidence to support causation it is surely
much easier in this case to think of some feature of life that may go
hand-in-hand with smoking—features that might conceivably be
the real underlying cause or, at the least, an important contributor,
whether it be lack of exercise, nature of diet, or other factors. But to
explain the pronounced excess of cancer of the lung in any other
environmental terms requires some feature of life so intimately
linked with cigarette smoking and with the amount of smoking that
such a feature should be easily detectable. If we cannot detect it or
reasonably infer a specific one, then in such circumstances I think
we are reasonably entitled to reject the vague contention of the
armchair critic “you can’t prove it,” there may be such a feature.”

2. Consistency: “Next on my list of features to be
specially considered I would place the consistency of the
observed association”

The EBV-MS association has been observed consistently
across studies in various patient groups, geographies, ethnicities,
ages, sexes, and sub-types of MS (14, 25, 57). This is important
because the consistency across multiple studies improves the
statistical (frequentist) confidence in the association, making
it less likely to have occurred by chance, but also limits the
alternative explanations to biases that would also be present
across these multiple diverse settings.

3. Specificity: “the specificity of the association, [is] the third
characteristic which invariably we must consider”

The lack of a consistent association with other saliva-
transmitted viruses (e.g., CMV) reduces the probability that some
large bias accounts for the observation and restricts the kind
of bias that could be responsible. For example, this persuasively
excludes many other “features of life” that could potentially result
in higher exposure to EBV as an explanation because these
features would also be non-specifically associated with exposures
to other infectious agents and the necessary association observed
is EBV specific (17, 25).

4. Temporal relationship: “My fourth characteristic is the
temporal relationship of the association”

Evidence of EBV associations with MS in serosurveys has
critically also been demonstrated to be temporal (EBV always
before MS) in longitudinal studies (14, 18, 20, 58). This is further
persuasive of a causal effect, and excludes many person-specific
potential biases and reverse causality, e.g., shared susceptibility
to EBV and MS, as it demonstrates that even for those who
develop the disease (and so are susceptible to it) the risk of MS is
extraordinarily low or nothing in these individuals prior to them
contracting the virus.

Therefore, whatever the cause of MS is, it will ultimately have
to explain why such a strong, consistent and temporal association
with EBV is observed. If some bias accounts for the association
making EBV simply a bystander, rather than a cause, then it begs
the question, why is it not obvious what the explanation is?

4.2. Biological Plausibility for a Causal
Association
The epidemiological case is further bolstered by the biological
plausibility of EBV (plausibility being one of Bradford-Hill’s
lesser criteria) as both a known cause of serious pathology and
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specifically as a cause of autoimmunity. Transient autoimmunity
is recognized to occur at the time of primary EBV infection with
infectious mononucleosis when the virus replicates to extremely
high levels before the host adaptive immune system recognizes its
presence (59–63).

In addition, several aspects of the natural history of MS
fit the biology of EBV. As a persistent herpes virus infection
which periodically reactivates from a quiet latency in a
fluid compartment, the dissemination in time and space of
neuroinflammatory attacks occurring over decades in persons
living with relapse-remitting MS fits strikingly well. In addition,
the site of life-long viral latency is strictly memory B cells,
which are now known to be important for pathogenesis and a
therapeutic target (64–67). Thus, a reasonable index of suspicion
based on biology of the virus (prior probability) combined with
a suitable likelihood from epidemiological evidence makes EBV a
credible cause of MS.

EBV is a remarkably-successful, large, double-stranded DNA
gammaherpes virus that for most of human history has been
practically ubiquitous, now being only nearly ubiquitous by
adulthood in high-income nations (67). In recent generations,
EBV has transitioned from millions of years of equilibrium to a
non-equilibrium virus with a reproductive number less than one
(R < 1), reflected in the rising average age of infection and new
evolutionary pressures. In low-income settings, almost everyone
is still infected in early childhood, but in high income settings
some 10–50% of individuals escape infection in childhood with
most of these individuals acquiring the infection later in life
(sometimes experiencing infectious mononucleosis) such that
90–95% of people are infected eventually. The virus has co-
evolved with its human hosts in this ecological niche for millions
of years (67, 68).

Consequently, EBV has specialized to make use of several
unusual aspects of B cell physiology (Figure 3). Rather than
rapidly replicating itself thousands of times (in the lytic cycle)
on first infecting a B cell, as occurs with most viral infections,
it expands the latently infected pool using a specialist repertoire
of genes which drive the cell cycle, manipulating the pathways
that B cells use to clonally expand and select for immunity in
response to external stimuli (such as recognizing their cognate
antigens) (67, 69). In order to do this EBV has acquired mimics
of critical B cell specific signals, which essentially renders the
infected B cells autonomous of T cell help and antigen (69, 70).
Whilst manipulating the cell, the virus hides in the nucleus
as a circular pseudochromosome (or episome), chromatinized
and epigenetically marked, but not integrated into the human
chromosomes. It is copied once and only once per cell cycle
and faithfully segregated to daughter cells using only the host
cell’s replication machinery and a single viral protein. In effect,
EBV immortalizes these cells whilst masquerading as a human
chromosome and, transcribing only a very tightly controlled
subset of its genes. This tight manipulation of both viral
and cellular gene expression is a masterclass in epigenetic
regulation, involving DNA methylation, histone modifications,
and a complete 3-dimensional re-organization of chromatin
environment within the nucleus of infected cells (71–73). This
unusual strategy explains why so many EBV-related pathologies

are lymphoproliferative, and why problems of dysregulated
latency are common features of most EBV-related pathologies.
Because as successful as this strategy is, driving cells to clonally
expand and rendering them autonomous is risky, with a clear
line of site to cancer and to autoimmunity. Thus, the absence
of pharmacological tools that target latency, rather than lytic
infection, is unfortunate (Figure 3).

Controlling latently-infected EBV is energy-intensive and a
precarious immunological task, as evidenced by the 1̃,000-fold
increase in EBV-related malignancies in persons with CD4+
immunosuppression as a result of HIV infection, increase in
latent cell number before and after some forms of (T cell
affecting) immunosuppression, and the fact that a mutation
in a single gene on the X-chromosome that leads to a defect
in a protein important for T cell signaling, causes a lethal
form of fulminant infectious mononucleosis called X-linked
lymphoproliferative (XLP) syndrome in males after infection
with EBV (67, 68, 74).

Unfortunately, studying the epigenetics of latency in
MS patients and healthy controls, outwith the context of
lymphoproliferative conditions, is challenging due to the virus
being in equilibrium with T cell surveillance which maintains
a low number of infected B cells (Figure 3). During established
latency, the infected cell pool is a very small subset (in the region
of 1–50 infected cells per million) of the total circulating B cells
meaning that a large volume of blood needs to be collected to be
sure of collecting even one virally infected cell. For example, an
individual with a low normal B cell count and a low proportion
of virally infected cells could have as few as five infected memory
B cells in 50 mls of peripheral blood (Figures 4, 5) (75). Further,
when EBV amplifies itself by switching to lytic production,
it linearizes and strips its DNA of its epigenetic marks for
packaging into viral particles, essentially wiping it clean (68).
Technologies are improving potentially allowing for single
cell and rare cell approaches to address this, but it remains a
technical hurdle.

For these reasons, using powerful but indirect methods (such
as population genetics and immunology) to study the role of
latent EBV in MS pathophysiology may yield valuable clues
as to the nature of the pathology. Observations that many
of the significant MS SNP-associations overlap with EBNA-2
transcription factor binding sites, for example, is interesting
because this agrees with observations that anti-EBNA2 antibodies
are part of the subset of EBV proteins that show a raised antibody
profile in MS (23, 76–79). If these studies are interpreted as
converging on a role for EBNA-2, then this gives an insight
into the nature of the dysregulation of latency, as EBNA-2 is
an essential for regulating viral latent gene expression and for
EBV-driving lymphocytes into the cell cycle. Expression would
be expected to increase EBV-infected cell number or turnover
(67, 69).

A further example might be drawn from a study of cell-type
specific transcriptomics (80), which identified genes involved
in Neddylation as differentially expressed in the lymphocytes
(T cells) of MS cases vs. controls. This is striking because
Neddylation is evidently also a critical process for EBV and
other herpes viruses, so much so that the EBV carries its
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FIGURE 3 | Unusual life cycle of Epstein Barr Virus explains its success and association with cancers and immune pathologies.

own deneddylase enzyme amongst its tegument proteins, and
antibodies against this viral protein (encoded by gene BPLF1)
have recently been identified as a predictor of EBV viral
load using an unbiased antibody screening method (80–82).
Pharmacological targeting of viral enzymes is a potential
therapeutic strategy, and so may be another fruitful avenue for
further exploration. Intriguingly, the same drug targeting this
pathway, has been proposed for trials in MS and in treating a
human herpesvirus (81).

4.3. EBV-Focussed MS Prevention
Possibilities
Even before the pathophysiological role of EBV in MS is
established, it is possible to speculate generally on what
a successful EBV-directed preventative strategy might
look like.

4.3.1. Vaccination
Vaccination aimed at preventing infection with EBV would be
clinically useful in a number of contexts beyond autoimmunity,
for example, in preventing infectious mononucleosis or post-
transplantation. These other indications may substantially de-
risk the investment required to develop such a vaccine, given
the EBV-MS association is not universally accepted as causal.
In the context of prevention of MS, targeted vaccination for
EBV-negative young adults who are at risk geographically and/or
genetically (assessed either by polygenic risk or as a result of
family history) of MS may be particularly worthwhile as using
sophisticated models of known predictors of MS risk it has
been demonstrated that individuals can be identified with much
higher than population risk of MS (83). Targeting young adults
pre-college, as is practized for meningococcal vaccination, may
be particularly worthwhile given the high hazard rate of EBV
exposure at this life stage.
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Initial vaccination attempts for EBV used a recombinant
peptide vaccine aimed at a single immunodominant glycoprtein
(gp350) (84). Unfortunately, this was unable to prevent infection,
however, a Phase I trial of a combination mRNA vaccine for
six surface glycoproteins has recently entered clinical trials
(clinicaltrials.gov/ct2/show/NCT05164094). As a large DNA
virus, EBV mutates extremely slowly and has <1 transmission
opportunity for selection per human lifetime, thus this progress
is extremely exciting and whilst primary outcome of the trial is
the prevention of infectious mononucleosis and EBV infection,
if the vaccine is effective at preventing the latter then this
immediately would open the door to prevention of MS in EBV-
naive individuals.

Vaccination may also be fruitful in those already infected
with EBV. One school of thought is that to maintain a latently
infected pool of lymphocytes EBV has to maintain a low level
of continuous new infection. In this circumstance vaccines
aimed at reducing new infection could be of benefit. However,
an alternative strategy would see vaccination aimed at restory

cellular immunity and improving anti-viral T cell surveillance
and latent-gene expressing cell clearance. This is roughly the
principle on which the shingles vaccine targets another member
of the human herpes family, to control latent infection. Thus,
vaccination may not only be useful in naive individuals but could
perhaps be a useful strategy to help rebalance the virus-immunity
equilibrium in persistently-infected individuals prior to or even
after the onset of MS.

4.3.2. Anti-virals and Anti-cancer Drugs
Latent EBV infection in growth transformed (rather than resting)
cells profoundly alters the nuclear organization, cellular gene
expression and the metabolism of infected cells in a manner
similar to cancer. EBV-infected dividing cells, for example, show
aerobic glycolysis a hallmark of cancer cells (85, 86). Where EBV-
infected cells behave or can be triggered to behave differently
from normal, healthy, uninfected cells, opportunities may arise
for drugging pathways that infected cells are particularly sensitive
to. In addition, many anti-viral drugs have broad activity beyond
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FIGURE 5 | Frequency of EBV infected cells for low, mean, and high B cell counts and EBV viral loads.

the classes of virus that they are licensed for use in. Therefore,
there may be as-yet overlooked anti-EBV efficacy of other
licensed or experimental drugs which may be repurposeable, or
combinations of therapies that can force EBV-infected cells into
a sensitive (e.g., dividing) state where they are druggable may be
identifiable (87–89). The shock and kill anti-viral strategy.

4.3.3. Immunotherapies
Immunotherapies such as anti-CD20 monoclonal antibodies are
effective treatments for B cell lymphoproliferative conditions
and have been re-purposed and subsequently re-designed due to
efficacy in treating autoimmune conditions. However, many of
these, and other immunotherapies have direct or indirect effects
against EBV-infected cells, and it is unknown whether some of
their beneficial effects in autoimmunity are mediated by these
effects. However, in addition to this, targeted immunotherapies
specifically designed to target EBV-infected cells may be possible
as both lytic and latent EBV infection appears to alter the infected
cell proteomics considerably including for membrane proteins
which could be targets of immunotherapies (86, 90).

4.3.4. Cell-Based Therapies
Cell-based therapies, finally, show great promise in treating
latent EBV. This approach was successfully pioneered for the
treatment of EBV post-transplant lymphoproliferative disease
(a problem of poorly controlled EBV latency in the context of
immunosuppression) (91–93). However, a recent clinical trial has
shown exciting promise and satisfactory tolerability of in vitro-
expanded autologous EBV-specific T cell therapies directed at a
restricted subset of EBV latent proteins in persons living with
secondary progressive MS (94), providing hope that this may also
be a fruitful approach in treating even advanced MS.

Thus, whilst there is currently no licensed vaccine or therapy
known to clear latent EBV infection, there is substantial
promise on numerous fronts in this area. Understanding the
pathophysiological role of EBV in MS may identify other
potential routes to prevention altogether.

5. CONCLUSION

The limitations of the additive model of population genetics
are well appreciated by geneticists, however, despite this
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there have been frequent misunderstandings and unfortunate
misapplications. One result is the continuation of irreconcilable

debate as to whether multiple sclerosis is primarily a genetic

disease or an environmental one, even in the face of intriguing

evidence that implicates EBV as a necessary cause and the

discovery of much of the genetic architecture explaining the

heritable variation across populations. As MS is entirely the
product of gene-environment interactions it is caused (100%)

both by genes and environment. Partitioning the % into
the sources of variation tells us nothing about whether the
causes are modifiable or not. Here it is argued that an
integrated model, accepting MS susceptibility as polygenic, and
that the condition may be a complication of EBV infection,
offers an opportunity to understand both the role of the
virus and other environmental factors and may offer new
preventative strategies.
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Pediatric-onset multiple sclerosis (MS) is a predominantly relapsing-remitting

neuroinflammatory disorder characterized by frequent relapses and high magnetic

resonance imaging (MRI) lesion burden early in the disease course. Current treatment

for pediatric MS relies on early initiation of disease-modifying therapies designed to

prevent relapses and slow progression of disability. When considering the concept of MS

prevention, one can conceptualize primary prevention (population- or at-risk population

interventions that prevent the earliest facet of MS pathobiology and hence reduce

disease incidence), or secondary prevention (prevention of disease consequence,

such as reducing relapse frequency and lesion accrual, enhancing focal lesion repair,

promoting CNS resilience against the more global facets of disease injury, and ultimately,

preventing progression of neurological disability). Studying the pediatric MS population

provides a unique opportunity to explore early-life exposures that contribute to the

development of MS including perinatal and environmental risk determinants. Research

is ongoing related to targeting these risk factors for potential MS primary prevention.

Here we review these key risk factors, their proposed role in the pathogenesis of MS,

and their potential implications for primary MS prevention.

Keywords: multiple sclerosis, pediatric multiple sclerosis (MS), preventative medicine, demyelinating disease, MS

environmental risk factors

INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating disease affecting the central nervous system
that primarily affects adults; however, 3 to 10% of all patients diagnosed with MS experience their
first demyelinating event prior to the age of 18 (1–3). In children, MS is characterized by a highly
relapsing course though relatively complete or near-complete recovery from attacks is seen (4).
Pediatric-onset MS patients face a lower risk for disability within the first 10 years of disease onset,
and a longer time from onset to entry into secondary progressive disease compared to adult-onset
patients. However, they develop disability overall at a younger age than when the disease starts in
adulthood. Cognitive deficits, fatigue, and depression are also prominent features of pediatric-onset
MS (1, 5) that impact quality of life. Current treatment strategies, particularly prompt initiation of
highly effective disease modifying therapies, reduce relapses and may reduce the reduce relapses
and reduce the likelihood of progressive disability.
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The etiology of pediatric-onset MS is believed to be
multifactorial involving a complex interplay between genetic and
environmental risk factors (1, 6). The idea of studying early-
life exposures and risk factors for MS to guide earlier targeted
interventions against these risk determinants to prevent the
disease is an important concept in the field. The most widely
studied and most likely modifiable risk determinants associated
with pediatric MS include environmental risk factors such as
exposure to Epstein-Barr virus (EBV), low serum 25-(OH)
hydroxyvitamin D /low sun exposure, diet and alterations in the
gut microbiome, obesity, and exposure to cigarette smoking and
other lung irritants (Table 1). Additionally, the role of perinatal
risk factors in MS risk is still being evaluated. In this review
we will discuss these key risk determinants and the potential
therapeutic strategies to target these risk factors to prevent
multiple sclerosis.

PERINATAL RISK FACTORS: THE ROLE OF
BREAST MILK

Breastfeeding is one of the earliest childhood exposures that has
been investigated in relation to MS risk; however, its role in MS
has yielded mixed results. In 2017, a small cross-sectional case
control study performed at the University of Virginia analyzed
the association of breastfeeding in infancy on future risk of
pediatric onset MS by comparing 36 pediatric onset MS patients
with 72 control patients (7). In this study, lack of breastfeeding
was associated with a future diagnosis of pediatric onset MS
(odds ratio-4.43; 95% confidence interval, P = 0.003) with 36%
of the pediatric onset MS patients being breastfed compared
to 71% of the controls. There have been other earlier studies
to support the association between breastfeeding and decreased
risk of MS (8, 9) as well as studies demonstrating a protective
effect of breastfeeding against other autoimmune conditions
such as Type 1 diabetes and inflammatory bowel disease (10).
The hypothesized mechanism revolves around the idea that
molecular mimicry between cow milk proteins and human self-
antigens leads to the development of early MS. Thus, breast
milk may provide protection from autoreactivity to cow milk
(7). To support this hypothesis, there has been data suggesting
increased abnormal T cell responses against certain cow milk
proteins when compared to healthy controls in patients with
type I diabetes, children with acquired demyelinating syndromes,
and children with MS (11). Although this research provides
compelling evidence for the benefits of breast milk, there was
a large study by the US network of Pediatric MS centers that
found no association of breast feeding with risk of pediatric
MS (12). In this case control study, 265 pediatric MS cases
were compared to 412 healthy controls, and after controlling for
pregnancy-related factors, breast-feeding was not associated with
MS (12). Nonetheless, for women that are able, breastfeeding
may potentially reduce autoimmune dysregulation and has clear
other benefits in the developing child including protection
against infections, enhanced growth and development due to
the balance of nutrients in breast milk, and improved brain
growth and development (13). Early breastfeeding counseling to

TABLE 1 | Pediatric onset MS risk factors.

Risk factor Odds ratio or

relative risk

Source(s) Modifiable?

Breast feeding 4.43 (OR)

No

association (12)

Cross-sectional,

case control (7)

Case control study

(12)

Yes

EBV exposure 4.5 (OR) Meta-analyses

(14, 15)

Potentially

High serum

25-(OH)

hydroxyvitamin D

0.72 (OR) Meta-

analysis/Mendelian

Randomzation (16)

Yes

Sun exposure Adjusted RR 0.55 Case control study

(17)

Potentially

Gut-microbiome Not available Pilot cohort study

(18), case control

study (19)

Yes

Body Mass Index

(BMI)

1.60 (OR, females)

1.42 (OR, males);

1.17 (OR)

Case control study

(20)

Meta-analysis (16)

Yes

Passive smoking 2.12 (RR) Population-based

case control study

(21)

Yes

Air pollutants Carbon monoxide

OR 5.45

Sulfur Dioxide

OR 3.99

Fine particulate

matter OR 7.53

Multicenter case

control study (22)

Yes

Household

exposures

Rodenticides

OR 2.10

Weed Control

agents OR 1.99

Plant/Tree agents

OR 2.72

Cross sectional

analysis of case

control study (23)

Yes

pregnant women, particularly to those who have a family history
of MS, could be a potential preventative therapy against the
development of MS while providing so many other benefits to
both mother and child.

ENVIRONMENTAL RISK FACTORS: THE
ROLE OF EPSTEIN-BARR VIRUS (EBV)
EXPOSURE

There has been consistent evidence that past EBV infection is
associated with increased risk of adult-onset multiple sclerosis
including in meta-analyses (14, 15, 24–27). In a large national
cohort study performed between 2004 and 2010 including
332 children, risk of MS was increased in children with past
exposure to EBV (HR 2.04, 0.99–4.20) (27). Additionally, the
US network of Pediatric MS centers published a large case
control study that supported the association of remote EBV
exposure and MS risk in children. This study found that EBV
viral capsid antigen (EBV-VCA) seropositivity was associated
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with increased odds of having MS by 7.4 times (28). In children,
it has been reported that up to 15% of children with an
MS diagnosis are EBV-seronegative; however, a recent study
demonstrated that some of these EBV-seronegative children
carrying an MS diagnosis may not have been appropriately
diagnosed. In this study, 25 EBV-seronegative patients among
189 pediatric patients diagnosed with CIS/MS were re-evaluated
clinically, serologically and radiographically. Upon re-evaluation,
11 of 25 (44%) of these patients were found to be myelin
oligodendrocyte glycoprotein (MOG) antibody positive, 4 of the
remaining 14 patients did not meet 2017 McDonald criteria
for MS, and of the 10 remaining patients who did meet
2017 McDonald criteria for MS had clinical features that
were unusual for an MS diagnosis (29). Ultimately this study
concluded that a diagnosis of pediatric MS is exceedingly rare
in patients who are EBV-seronegative. There are numerous
hypotheses that have been proposed to explain how EBV may
be involved in MS pathogenesis: (i) EBV leads to chronic
latent (and intermittently reactive) infection of human B cells,
which then may prime T cells to cross-react and recognize
CNS antigens via molecular mimicry; (ii) EBV may drive pro-
inflammatory responses in latently infected B cells leading
to expression of pro-inflammatory cytokines and reduction
in anti-inflammatory cytokines (notably interleukin-10); and
(iii) EBV may elicit “bystander damage” via induction of an
antiviral immune response against infected cells in the CNS
(30). With regards to EBV infection being a “preventable”
risk factor, EBV vaccine research is underway, however the
development of an EBV vaccine faces challenges including
safety concerns due to oncogenic potential, lack of a suitable
animal model for EBV disease, incomplete understanding
of the exact route and mechanism of EBV infection, and
concern that an EBV vaccine would not be commercially
viable (30–32).

ENVIRONMENTAL RISK FACTORS: THE
ROLE OF SUN AND SERUM 25-(OH)
HYDROXYVITAMIN D EXPOSURE

Decreased exposure to sunlight and low serum 25-(OH)
hydroxyvitamin D levels have been implicated as important
risk factors for the development of MS. Despite a large
collection of data to support the association of both low sunlight
and low serum 25-(OH) hydroxyvitamin D levels with MS
risk, it has proven challenging to distinguish the independent
effect from ultraviolet radiation (UVR) from that of 25-(OH)
hydroxyvitamin D and vice versa as UVR is involved in the
conversion of vitamin D into an active metabolite. There has
been some work performed, however, that suggests independent
effects on MS risk. In one early study performed in 2012,
Baarnhielm et al. demonstrated that lower UVR exposure was
associated with increase MS risk after correcting for serum 25-
(OH) hydroxyvitamin D levels. In this population-based case
control study, an increased MS risk was identified in those

patients whom reported low UVR exposure (OR 2.2, 95% CI
1.5–3.3) and this association held true even after adjusting for
25-(OH) hydroxyvitamin D status (33). In a more recent study,
sun exposure was examined over the life course of patients
with and without MS. This study found that living in high
ultraviolet-B (UV-B) areas before MS onset was associated with
a 45% lower MS risk (adjusted RR 0.55, 95% CI 0.42–0.73)
(17). Sunlight has been postulated to reduce MS risk through
both 25-(OH) hydroxyvitamin D independent and dependent
pathways. Independent from vitamin D, it has been proposed
that sun exposure may lead to suppression of cell mediated
immunity as well as modulating the release of cytokines and
chemokines (34). The effects of UVR exposure has been studied
in experimental autoimmune encephalomyelitis (EAE) models,
our current model of MS in mice, showing a reduction in
peripheral inflammation in these mice after UVR exposure (35).
“Prescribing” sun exposure as a preventative measure for MS is
challenging as the amount of sunlight, duration, and timing of
exposure are unknown. Additionally, risk of skin cancer from this
exposure presents safety concerns.

Serum 25-(OH) hydroxyvitamin D levels have been an
extensively studied risk determinant for the development of MS.
Several studies have discovered not only an association of serum
25-(OH) hydroxyvitamin D levels with risk of developing MS,
but some studies have even proposed a causal role for low 25-
(OH) hydroxyvitaminD in the pathogenesis ofMS (16, 36, 37). In
one such study, Mendelian randomization, an analysis that uses
genetic associations to test the effects of biomarkers on the risk
of a disease, was used to identify a potential causal relationship
between serum 25-(OH) hydroxyvitamin D levels and risk
of pediatric-onset MS. In this study, meta-analysis showed
increasing levels of serum 25-(OH) hydroxyvitamin D (based
on a vitamin D genetic risk score constructed using 3 single
nucleotide polymorphisms associated with vitamin D levels)
decreased the odds of pediatric-onsetMS (for each additional risk
SNPOR= 0.72, 95%CI: 0.55–0.94; P= 0.02) after controlling for
sex, genetic ancestry, HLA-DRB1∗15, and more than 100 single
nucleotide polymorphisms identified as MS-risk variants (16). In
a separate large prospective Canadian cohort study, it was also
shown that baseline serum 25-(OH) hydroxyvitamin D status
at the time of an incident demyelinating attack was associated
with likelihood of further relapses confirming a diagnosis of
pediatric-onset MS (27). More specifically, this study showed
that a 10 mmol/L decrease in 25-(OH) hydroxyvitamin D was
associated with a 20% relative increase in risk of pediatric
MS compared to monophasic demyelination (p = 0.006) (27).
Similar studies performed in adult patients with MS support a
strong association of serum 25-(OH) hydroxyvitamin D and MS
risk (36–38). One particular adult study, using data from the
Finnish Maternity Cohort, showed that a 50 nmol/L increase
in 25-(OH) hydroxyvitamin D was associated with a 39%
reduced risk of MS (RR 0.61, 95% CI 0.44–0.85), p = 0.003.
Additionally, it was shown that MS risk was 2-fold higher
in women with 25-(OH) hydroxyvitamin D <30 nmol/L as
compared to women with 25(OH)D ≥50 nmol/L (RR 2.02,
95% CI 1.18–3.45, p = 0.01) (38). The precise time in which
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25-(OH) hydroxyvitamin D may exert its greatest influence
on the risk of MS is unknown; however, there is evidence
that lower serum 25-(OH) hydroxyvitamin D levels as early
as the neonatal period are associated with a higher risk of
MS. The influence of 25-(OH) hydroxyvitamin D in neonates
was evaluated in two studies. In a Danish case-control study
utilizing the Danish Newborn Screening Biobank (DNSB) and
the Danish MS registry, MS risk was highest among patients
with the lowest neonatal serum 25-(OH) hydroxyvitamin D
levels (39). In a cohort study including 199 cases of MS, a 38%
lower risk of MS was observed in women whose mothers drank
2–3 glasses of milk during pregnancy compared to mothers
that drank little to no milk. This study also observed that
daughters of mothers with higher 25-(OH) hydroxyvitamin D
intake or predicted serum 25-(OH) hydroxyvitamin D levels
during pregnancy had a lower risk of developing MS suggesting
that 25-(OH) hydroxyvitamin D insufficiency can exert its
effect as early as the in utero-stage of life (40). Similarly, in
a prospective, nested case control study utilizing the Finnish
Maternity Cohort (FMC), it was demonstrated that levels of
25(OH) hydroxyvitamin D that were greater than or equal to
75 (vs <75) nmol/L in women during pregnancy (collected
between 10 and 14 weeks) were associated with a decreased
risk of MS [odds ratio (OR) 0.39, 95% confidence interval
(CI) 0.16–0.98] (41). There have been two studies that did not
show an association between pregnancy/early neonatal vitamin
D levels and future MS risk (42, 43). The first study, utilizing
the Northern Sweden Maternity Cohort, showed there was
no association between maternal 25-(OH) hydroxyvitamin D
levels and risk of MS in offspring (42), however this study
had a very small sample size and the association identified in
this study had a large confidence interval making the results
challenging to interpret. The second study, was a Swedish
population case control study that evaluated neonatal blood
samples used for phenylketonuria (PKU) to compare MS cases

and controls. In this study it was shown that there was no
association between neonatal 25-hydroxyvitamin D quintile and
risk of multiple sclerosis (crude odds ratio= 1.0, 95% confidence
interval = 0.68–1.44, for the highest quintile compared to the
lowest) (43), however this study is limited in that some of the
older samples showed evidence of 25-(OH) hydroxyvitamin D
degradation which may have contributed to the null findings.

There was also very low overall control participation in this
particular study.

From a mechanistic standpoint, 25-(OH) hydroxyvitamin D
is believed to attenuate the T-cell response to autoantigens,
suppress the production of pro-inflammatory cytokines such

as interferon-gamma and TH-17-interleukin 17, and increase
T-regulatory cells (39, 44). Thus, this evidence suggests an
important role of 25-(OH) hydroxyvitaminD in the development
of MS, and one might propose implementation of 25-(OH)
hydroxyvitamin D supplementation to individuals at higher risk
of developing MS, such as those with a family history. Moreover,
given evidence implicating a role for 25-(OH) hydroxyvitamin
D as early as in utero, we might propose implementing 25-(OH)
hydroxyvitamin D in at risk patients during pregnancy and/or at

birth/infancy. 25-(OH) hydroxyvitamin D is a relatively safe and
cost-effective therapy (45, 46) that has the potential to prevent
MS, and like breast milk, has other potential health benefits.

ENVIRONMENTAL RISK FACTORS: THE
ROLE OF DIET AND THE
GUT-MICROBIOME

Diet plays an important role in the prevention of cardiovascular
disease, stroke, and diabetes (47, 48), and emerging data suggests
that diet and modulation of the gut microbiome may also
influence the risk of pediatric MS. Specific dietary factors, other
than vitamin D, have been investigated to identify potential roles
in risk of MS. These studies may be confounded however due
to reliance on patient/parents’ recall of diet specifics and non-
specific questionnaires. One case control study comparing 312
POMS cases with 456 controls, found that iron consumption
below the recommended guidelines was associated with an
increased risk of MS (odds ratio = 1.80, p < 0.01). This study
also evaluated for associations between other dietary factors
such as intake of fats, proteins, carbohydrates, sugars, fruits
or vegetables; however, no significant difference in intake was
identified between cases and controls (49). One case-control
study (170 cases, 331 controls) has explored associations between
sodium intake and pediatric MS. This study did not find an
association between higher sodium intake and risk of POMS (50).

The role of the gut microbiome in CNS autoimmunity
has become increasingly recognized (51). Studies have
revealed that patients with MS may have a different gut
microbiome composition compared to healthy controls
suggesting modulation of the microbiome may help prevent MS
(18, 52). In animal models, modulation of the gut microbiome
appears to influence risk and severity of EAE (53–55) including
two studies that showed germ-free mice (mice free of microbes)
were less likely to develop EAE (53, 54). In a case-control
study comparing children with new-onset MS and healthy
controls, a significant increase in relative abundance for
members of the Desulfovibrionaceae (Bilophila, Desulfovibrio
and Christensenellaceae) and depletion in Lachnospiraceae and
Ruminococcaceae in stool samples (all p and q < 0.000005)
was identified in the children with MS irrespective of exposure
to disease-modifying therapy. The changes identified in the
microbiota of the pediatric MS patients support the idea that
an increase in pro-inflammatory microbiota and a decrease in
anti-inflammatory microbiota contribute to the early immune
dysregulation seen in MS (19). Furthermore, differences in the
relationships between immune markers and gut microbiota
have been observed when comparing children with MS and
control cases (18). In an additional case control study utilizing
the same cohort of patients described above, children without
MS were found to have an inverse correlation between gut
microbiota evenness and Th17 and Th2 blood markers, with
microbiota dominated by specific taxa being associated with
decreased immune markers. This effect was lost in children
with MS. Additionally, at the phylum level, Bacteroides was
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inversely associated with Th17 in children with MS (r = 0.719, p
= 0.008) but not controls (r = 0.320, p = 0.401). Alternatively,
Fusobacteria was found to be positively correlated with T-
regulatory cells in controls (r = 0.829, p = 0.006) but not in
children with MS (r = −0.069, p = 0.808) (18). With regard
to the potential function of gut microbiota in the pathogenesis
of MS, evidence suggests, utilizing a validated algorithm (56),
that enrichment of microbial genes involved in glutathione
metabolism was observed in MS cases rather than control cases
(19). Disruption of glutathione homeostasis has previously been
reported as a possible mechanism of MS neurodegeneration (57).

Taken together, focusing on dietary modifications, adequate
iron intake and diets that influence the microbiome in an “anti-
inflammatory” manner may be plausible approaches to reduce
the risk of MS in in children with a family history of MS.
Further studies will be required to identify specific diets that alter
the microbiome in a favorable manner by potentially increasing
anti-inflammatory microbiota and decreasing pro-inflammatory
microbiota. Additionally, it will be important to identify whether
microbiome changes occur prior to onset or as a result of MS or
initiation of MS therapies or some combination of these factors.
This will be important to understand to determine the most
optimal timing for implementation of potential preventative gut
microbiome intervention.

ENVIRONMENTAL RISK FACTORS: THE
ROLE OF OBESITY

Several studies have provided evidence that elevated BMI is
associated with increased risk of childhood-onset MS (20, 58, 59).
Elevated BMI has been associated with increased risk of pediatric
MS in both post-pubertal girls (OR = 1.60, 95% confidence
interval [CI]: 1.12, 2.27, P = 0.009) and boys (OR = 1.43,
95% CI: 1.08, 1.88, P = 0.011) in a case-control study of 254
pediatric-onset MS cases and 420 controls (20). An association
of obesity and pediatric-onset MS was also suggested in a large
meta-analysis of a US and Swedish cohort of POMS using BMI
genetic risk scores (GRS) that incorporated the cumulative effect
of 97 variants associated with BMI (16). Additionally, in a large
longitudinal retrospective analysis of prospectively collected data,
of 774 POMS cases, elevated BMI z-scores were associated with
increased risk of MS in both girls ages 7-13 (HR 1.17 to 1.21) and
boys ages 8–10 (HR 1.14 to 1.15) (58).

There have been several proposed mechanisms through which
obesity may contribute to the pathogenesis of MS. The presence
of increased adipose tissue hormone leptin is believed to play
a role in the risk of MS given its pro-inflammatory properties
(60). Animal models have also supported this mechanism
demonstrating that leptin-deficient mice failed to develop EAE
when stimulated with MOG 35-55 specific T-cells coinciding
with decreased levels of pro-inflammatory cytokines (IL-2, IL-6,
INF-γ, TNF-α) (61). Obesity has also been associated with IL-6
dependent TH17 production which has been shown to exacerbate
EAE in mice (62). Another adipokine, adiponectin, has also been
implicated in the pathogenesis of MS (63). One study found
elevated levels of leptin and fatty acid binding protein-4 as well

as reduced adiponectin in boys and girls with MS compared to
age and sex-matched controls (64). A recent study comparing 33
children with MS to 54 children with MOGAD, and 29 healthy
controls, observed significantly higher levels of adiponectin in the
serum ofMS patients compared to both theMOGAD and healthy
control patients (p = 0.02) (59). This study also investigated
the functional consequence of elevated adiponectin on immune
cells and discovered that adiponectin from the serum of pediatric
MS patients led to pro-inflammatory responses in CD14+
monocytes, T-cell activation, upregulation of CNSmicroglia pro-
inflammatory markers, and downregulation of CNS microglial
specific quiescent/anti-inflammatory markers (63) all evidence
supporting a role of adiponectin to induce disease in children
with MS. Finally, there has been evidence suggesting that obesity,
through disruption of TH17/Treg balance, may alter the gut
microbiome resulting in dysregulation of the intestinal immune
response (65).

Promoting healthy weight in children is an intervention that
should be enforced in all youth regardless of their potential
MS risk. The benefits associated with healthy weight are
plentiful, and with the added potential of possibly preventing
a chronic neuroinflammatory disorder like MS, it is truly
an essential therapeutic strategy. Additionally, the pathway
to achieve healthy weight typically involves exercise and
a healthy diet, two additional interventions that provide
immense overall health benefits. Exercise alone, though beyond
the scope of this review, has proven to have potential
neurologic benefits including enhancing the production of
neuroprotective trophic factors, promoting neuronal survival,
promoting oligodendrocyte proliferation and repopulation,
reducing neuronal injury, astrogliosis and modulation of
cytokine production (66–68). In summary, counseling patients
on the importance of a healthy lifestyle may have a significant
impact on overall health and possibly contribute to the
prevention of MS.

ENVIRONMENTAL RISK FACTORS: THE
ROLE OF EXPOSURE TO CIGARETTE
SMOKING AND OTHER AIR POLLUTION

Exposure to cigarette smoking, both active and passive, is another
risk determinant that has consistently been identified to be
associated with the risk of MS (21, 69, 70). As early as the 1960’s,
an association between active smoking and development of MS
has been reported (71). More recently, in 2009, active smoking
was identified as a risk factor for MS in a large European multi-
national case-control study where the odds of MS in smokers
was 1.5 (95% CI 1.3–1.8) in Sweden; 1.8 (95% CI 1.1–2.9) in
Norway; and 1.3 (95% CI 1.0–1.9) in the UK (72). In children,
where active smoking is generally less common (or at least,
less commonly reported), the association of exposure to passive
cigarette smoking and MS risk has been explored instead. In a
population-based, case-control study conducted in France, the
association of passive cigarette smoking exposure and risk of
MS was assessed in 129 POMS cases and 1,038 age-matched
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controls and found that passive exposure to parental smoking
was associated with increased risk of MS (relative risk (RR) 2.12,
95% CI 1.43–3.15). An increased risk of MS was significantly
associated with longer duration of passive smoke exposure
(RR 2.49, CI 1.53–4.08) (21). In another study, an association
between secondhand smoke exposure and MS was evaluated
in a cohort of 216 children with monophasic demyelination
and 81 children with MS and found that secondhand smoke
exposure was not an independent risk factor for the development
of MS, but when combined with the presence of HLA-DRB1∗15,
the odds of MS significantly increased [odds ratio (OR) = 3.7;
95% confidence interval (CI): 1.17–11.9] suggesting a gene-
environment interaction (70).

The major proposed mechanisms of exposure to cigarette
smoking and development of MS include direct neurotoxicity,
demyelination and immunemodulation (21, 65, 70, 71). Cyanide,
a component of cigarette smoke, has been shown to cause
demyelination in rat models (69). Cigarette smoke may also
be involved in the pathogenesis of MS through modulation
of cellular and humoral immune responses (73). Smoking
promotes T-cell activation and proliferation in the lungs and
thus may contribute to increased immune activation (74). Given
this association of both active and passive smoking with the
development of MS, one could postulate that simply counseling
patients (and housemates and/or parents) to avoid cigarette
smoking could prevent the development of MS in many young
individuals. This benign intervention may also have a beneficial
effect on the smoker’s overall health and the health of those
around them.

In addition to cigarette smoke, air pollution and lung irritants
such as fine particulate matter, carbon monoxide, and sulfur
dioxide have been evaluated for associations with MS risk. In a
multicenter case-control study performed in 2018, it was shown
that fine particulate matter, carbon monoxide, sulfur dioxide
and lead air emissions were associated with increased odds for
pediatric MS (P < 0.01) (22). Similar work evaluating household
chemical exposures and MS risk also demonstrated evidence
for exposure to rodenticides (OR 2.10), weed control agents
(OR 1.99) and products for plant/tree disease control (OR 2.72)
to be associated with increased MS risk in childhood (23).
There has been some conflicting evidence however, with some
studies including a study using the Nurses’ Health Study showing
that particulate matter was not statistically associated with MS
risk (75). Nonetheless lung irritants are exposures that can be
potentially prevented ad thus warrants further investigation.
Proposed mechanisms for how these irritants can influence MS
risk include release of pro-inflammatory cytokines, promotion
of oxidative stress, and stimulation of the immune response
to activate auto-aggressive T cells to enter the central nervous
system (22, 76).

DISCUSSION

Although the precise etiology of pediatric-onset MS has yet
to be identified, it has become increasingly more evident that
multiple risk determinants may play a crucial role. Investigating

these environmental determinants in the pediatric-onset MS
population allows one to evaluate the earliest influences on MS
development and pathogenesis in individuals that are temporally
closer to the biologic inciting event(s) of the disease. Moreover,
studying risk determinants in this population eliminates some of
the challenges with recall bias, as children are temporally closer
to the incident exposures being studied.

Some of the risk determinants associated with POMS may
be modifiable at the population level to potentially prevent
disease onset. Implementation of sun exposure and 25-(OH)
hydroxyvitamin D supplementation as well as recommendations
for healthy diet and avoidance of exposure to cigarette smoke
are simple, yet potentially effective strategies to not only improve
general health, but to also reduce risk of MS. The possibility
of an EBV vaccine is intriguing; however, much research will
be required to create a vaccine that is safe and effective. The
question of whom and when to enforce these strategies remains
unclear. We propose based on the current literature that patients
with a genetic predisposition to MS (i.e., first-degree relative
with MS), may be the population that would benefit the most
from these recommendations. In regard to timing of these
interventions, we propose initiating these recommendations
when planning conception and throughout gestation, childhood
and adolescence. Ultimately these interventions are safe with
low potential for adverse effects, and notably, could also have
other health benefits including, but not limited to, improved
cardiovascular health, pulmonary health, mental health, and
energy. Further studies, specifically in the form of randomized
clinical trials, will be required to providemore definitive evidence
of exactly whom, when, and how much sun exposure/ 25-
(OH) hydroxyvitamin D supplementation should be given for
primary prevention of MS. Another question is how might
we measure the effect of implementing these strategies in
neonates? Answering this question will require collaborative
efforts to compare incidence of pediatric MS diagnoses in those
individuals provided with these interventions vs. absence of
these interventions.
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Multiple sclerosis (MS) is an inflammatory demyelinating and degenerative disease of the
central nervous system (CNS). Although inflammatory responses are efficiently treated,
therapies for progression are scarce and suboptimal, and biomarkers to predict the
disease course are insufficient. Cure or preventive measures for MS require knowledge of
core pathological events at the site of the tissue damage. Novelties in systems biology have
emerged and paved the way for a more fine-grained understanding of key pathological
pathways within the CNS, but they have also raised questions still without answers. Here, we
systemically review the power of tissue and single-cell/nucleus CNS omics and discuss major
gaps of integration into the clinical practice. Systemic search identified 49 transcriptome and
11 proteome studies of the CNS from 1997 till October 2021. Pioneering molecular
discoveries indicate that MS affects the whole brain and all resident cell types. Despite
inconsistency of results, studies imply increase in transcripts/proteins of semaphorins, heat
shock proteins, myelin proteins, apolipoproteins and HLAs. Different lesions are characterized
by distinct astrocytic and microglial polarization, altered oligodendrogenesis, and changes in
specific neuronal subtypes. In all white matter lesion types, CXCL12, SCD, CD163 are highly
expressed, and STAT6- and TGFb-signaling are increased. In the grey matter lesions, TNF-
signaling seems to drive cell death, and especially CUX2-expressing neurons may be
susceptible to neurodegeneration. The vast heterogeneity at both cellular and lesional levels
may underlie the clinical heterogeneity of MS, and it may be more complex than the current
disease phenotyping in the clinical practice. Systems biology has not solved the mystery of
MS, but it has discovered multiple molecules and networks potentially contributing to the
pathogenesis. However, these results are mostly descriptive; focused functional studies of the
molecular changes may open up for a better interpretation. Guidelines for acceptable quality
or awareness of results from low quality data, and standardized computational and biological
org March 2022 | Volume 13 | Article 761225170
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pipelines may help to overcome limited tissue availability and the “snap shot” problem of
omics. These may help in identifying core pathological events and point in directions for focus
in clinical prevention.
Keywords: multiple sclerosis, systems biology, transcriptome, proteome, single cell, brain lesions, NAWM, NAGM
1 INTRODUCTION

Multiple sclerosis (MS) is a common cause of neurological
disability among young adults that evolves in clinically
different stages termed radiologically isolated syndrome (RIS),
clinically isolated syndrome (CIS), relapsing-remitting MS
(RRMS), secondary progressive phase (SPMS), and primary
progressive MS (PPMS). However, this classification may not
directly reflect the pathological mechanisms similarly to another
classification that only considers clinical/radiological activity and
disability progression (1).

MS has a heterogeneous, multifactorial origin that involves
interactions between the immune and nervous system impacted by
the genetic background (2) and by the environment (3, 4). The
main pathological features are accumulation of lesions in the grey
and white matter (GM,WM). These are characterized by different
degrees of inflammation, demyelination, neuronal and axonal
degeneration, oligodendrocyte loss, gliosis/glia activity, and
remyelination. Additional features are diffuse inflammation in
the normal-appearing (NA) tissues, meningeal infiltrates, and
global CNS atrophy (5). Especially in early relapsing MS, influx
of systemic immune cells into the CNS induces inflammatory
demyelinating lesions (6, 7). As the disease progresses, the number
of chronic active lesions increases, and they inversely correlatewith
the number of remyelinating/repairing lesions (8–10). Lesions in
cortical and deep GM areas and neuronal loss become prominent
in the progressive phase (11). At this stage, inflammation becomes
more compartmentalized and is governed primarily by microglia,
astrocytes, and tissue-resident lymphocytes (12, 13).

Approved MS treatments impact systemic adaptive immune
responses and work effectively in the early phase (14). However,
their passage through the blood-brain barrier is limited, and
most of them do not affect innate immune responses in the CNS.
Their effect on compartmentalized immune responses is largely
unknown. Such limitations are also reflected by their poor
impact in the progressive phase. Neuro- and oligodendrocyte-
protective treatments that inhibit or reverse degenerative
processes are basically missing. To develop efficient treatments
for the progressive phase, understanding the molecular
mechanisms of pathological events within the CNS is essential.
This has shifted focus of MS research to CNS-specific events.
Recent advances in omics will hopefully integrate several levels of
spatiotemporal data, and may help to understand, how multiple
factors can converge into phenotypically similar disease states.
Such knowledge may also fuel novel treatments (15, 16). To
accomplish such goals, several challenges have to be overcome,
e.g. experimental and computational pipelines have to be
standardized, and large amount of descriptive biological data
should be functionally interpreted. Here, we systemically review
org 271
the transcriptome and proteome studies in the MS brain and
discuss gaps and obstacles.
2 METHODS

2.1 Search Strategies
A systematic electronic search was conducted in PubMed with the
following search terms from as far back as possible (earliest
identified study was from 1997) to October 2021: category one
“multiple sclerosis”; category two “brain”, “lesions”, “whitematter”,
“greymatter”; category three “omics”, “profiling”, “transcriptome”,
“array”, “next generation sequencing” “proteome”; category four
“human” andNOT “review”. The searchwas also complementedby
reference lists of articles identified by this search strategy.

2.2 Selection Criteria
Studies were included, if they fulfilled the following criteria: (i)
the study was performed on human brain tissue from patients
with MS; (ii) the study used next-generation sequencing, mass
spectrometry or arrays on the human brain tissue; (iii) article
written in English.

Studies were excluded if the study design was not
clearly stated.
3 RESULTS

Omics studies on MS brain tissue are few. An overview of the
different methods is illustrated in Figure 1. Advantages and
disadvantages of different omics techniques are listed in Table 1.
A flowchart summarizing the identification of relevant studies
according to PRISMA is presented in Figure 2.

3.1 Transcriptional (mRNA, ncRNA,
MicroRNA) Approaches to Examine
Pathological Mechanisms in the
MS Brain Tissue
In the late 1990s, the first large-scale gene expression profiles
were performed on different WM lesions from both autopsies
and biopsies using microarrays (Table 2). They revealed
alterations in cell metabolism, shifts in cytokines and cell
adhesion molecules (17, 18), new inflammatory (19, 20, 44)
and oxidative damage markers (23). In the 2010s, the number
of samples increased, and microdissected tissues were also
analyzed in designed systems biology studies; these included
vessels near lesions (27), chronic active rim areas (33), or specific
cell types like astrocytes (32). Single-cell/nucleus technologies,
March 2022 | Volume 13 | Article 761225
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such as single-cell/nucleus RNA sequencing (sc/nRNA-seq,
spatial-seq) that promote identification of novel cell types and
cell state transitions have been published since 2019 (56–58).

We highlight the main findings in eight sections based on
tissue types: (i) brain regional differences; (ii) NAWM; (iii)
NAGM; (iv) WM lesions; (v) GM lesions; (vi) cell-specific
changes; (vii) non-human transcripts, (viii) databases.

3.1.1 Brain Regional Differences
Corpus callosum and optic chiasm were the most significantly
affected CNS regions in a study, and myelinating oligodendrocytes
were most enriched with differentially expressed genes (51). Heat
shock proteins were upregulated in all examined brain regions
(HSPA1A, HSPA1B, HSPA7, HSPA6, HSPH1, HSPA4L) (52).
Frontiers in Immunology | www.frontiersin.org 372
Genes important in antigen-presentation, inflammation and
hypoxia-induced responses were altered in the corpus callosum
and optic chiasm (TAPBP, IRF4, CTSB, CD79A), while STAT6 and
HLA-DRB5wereonly increased in theoptic chiasm.However, these
regional differences may also reflect the presence of different cell
types expressing different types of regional specific “housekeeping
genes” with distinct physiological functions and purpose.

DNA methylation was altered, and RNA levels of DNA
mehyltransferase were increased in MS hippocampus following
demyelination (40). This study identified hypomethylation
upstream of six genes including ANKA, a major regulator of
CD40-CD40L, and hypermethylation upstream of ten genes e.g.
WDR81, NHLH2, PLCH1 involved in neuronal survival, synaptic
density and memory.
FIGURE 1 | Schematic overview of the different omics approaches used in the study. The overview includes all the different methods used in the studies included in
this review. MACS, Magnetic-activated cell sorting; FACS, Fluorescence-activated cell sorting; FANS, Fluorescence-activated nucleus sorting; LC-MS, Liquid
chromatography–mass spectrometry. Created with BioRender.com.
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TABLE 1 | An overview of the advantages and disadvantages of the omics techniques.

Omics Target Definition Technology Application Temporal
variance

Disadvantages Advantages

Genomics DNA Assessment of
variability in the
DNA
sequences of
the genome

Whole genome
sequencing

Genome-wide
mutational analysis

None Limited information about the
MS state and prognosis

SNP variability is stable
during life

Exome sequencing
(1.5% of the
genome)

Exome-wide
mutational analysis

Limited information about the
MS state and prognosis, only
information within the exons

Epigenomics Molecular
changes
on the
DNA

Assessment of
variability of
factors that
regulate the
genome
without
changing the
DNA sequence

WGBS
(whole genome
bisulfite-treated
DNA sequencing)

Methylome-wide
pattern and alterations

Moderate Complex data analysis, lack
of functional knowledge on
methylation at other sites

Whole methylome state on
single base pair level

RRBS
(bisulfite-treated
CpG enriched
region sequencing
(3% of the genome))

Methylome pattern of
CpG enriched regions
based on restriction
enzymes

Missing areas, difficulties in
comparing between samples
due to unpredictable cleavage
and enrichment, no
information at other bases (A,
T, C)

Focused methylation status
at CpG regions

TBS
(bisulfite-treated
hybridized target
DNA region
sequencing)

Targeted methylation
analysis of selected
candidate genes

Need prior knowledge on
candidate areas

Parallel investigation of
many candidate genes

Microarray
(hybridization of
~850,000 probes at
methylation sites)

Interrogation of pre-
selected methylation
sites across the
genome

Limited to the probes
available, no information at
other bases (A,T, C), high
background noise, not fully
compatible across platforms

Cost efficient, methylome of
95% of CpG islands, high
coverage of enhancer
regions

ATAC-seq
(Tn5 transposase
treated DNA
sequencing)

Identification of
accessible chromatin
regions in genome-
wide, including
transcription factors,
histone modifications.

Time-consuming, poor
repeatability, signal-to-noise
ratio is low

Unbiased identification of a
real time profile of all active
regulatory sequences in the
genome using a small
amount of cells

ChIP-seq
(chromatin
immunoprecipitated
DNA sequencing)

Analyze protein
interactions with DNA
by genome-wide
mapping of epigenetic
marks, transcription
factors, or other DNA-
binding proteins

Require good antibody for
target protein, high amount
and high quality of tissue

Map global binding sites
precisely for any protein of
interest, analyze the
interaction pattern of any
protein with DNA, or the
pattern of any epigenetic
chromatin modifications

Sc/snATAC-seq
(Tn5 transposase
treated DNA
sequencing within
intact single nuclei)

Identification of
accessible chromatin
regions within single
cells

Require high quality tissue,
unclear if it is a limited subset
of open chromatin sites in
single cells

As ATAC-seq, but provides
examination of cell-to-cell
variability in chromatin
organization,

Transcriptomics Activated
genes/
RNA

Assessment of
variation on
composition
and abundance
of the
transcriptome

Microarray
(cDNA hybridization
of targets of interest
to probes)

Differential gene
expression analysis of
protein-coding-genes
(~18,700) or designed
probes of interest

High Limited dynamic range
(probe-dependent), problems
with competitive hybridization,
high background, low
sensitivity, not fully compatible
across platforms

Well-defined protocols and
analysis pipelines

Next generation
RNA-seq (cDNA
sequencing of RNA
with rRNA removal
or mRNA enriched)

Genome-wide
differential gene
expression analysis of
total RNA or mRNA

PCR amplified biases, lack of
standardization between
sequencing platforms (effect
dynamic range and
reproducibility), do not
capture the whole
transcriptome (small drop-
outs)

Unbiased insight into all
transcripts (novel and non-
coding), accurately
measuring expression level
changes, ability to detect
expression changes in non-
coding genes

EST
(expressed
sequencing tags of
randomly selected
clones sequenced

Differential gene
expression analysis of
the partial mRNA pool
of the sample

Only partial profiles of the
gene expression, a large
numbers of housekeeping
genes, neglect rare
transcripts

Suitable for gene discovery,
rapid and easy protocols

(Continued)
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In the choroid plexus (CP), 17 genes were significantly
upregulated in progressive MS patients (54). These genes were
related to hypoxia, neuroprotection and secretion (e.g. CXCL2,
LYVE1, SNHG15, MT1X, non-coding HIFA1-AS3), while strong
inflammatory reactions were absent.

3.1.2 NAWM
Comparing NAWM to control WM, 465 genes were
differentially expressed (48). Among the top ten upregulated
genes were immune-related (IGHG1, HLA-DRB5, GPNMB,
CD163) and mitochondria-related (MTRNR2L12, MTRNR2L8).
NAWM was also different from control WM by a global defense
against oxidative stress based on upregulation of STAT6, HIFa
and its target genes (21, 26, 61). Genes in the STAT-6 signaling
Frontiers in Immunology | www.frontiersin.org 574
were upregulated in oligodendrocytes (61) (Figure 3). These
alterations were accompanied by upregulation of nNOS, HO-1
and HLA-DR, suggesting an inflammatory and oxidative-stress
related reaction in oligodendrocytes outside of lesions. A
combined methylome and transcriptome study found
downregulation and hypermethylation of oligodendrocyte
survival genes in NAWM (BCL2L2, NBRG1) (46). Besides
oligodendrocytes, several dysregulated genes in MS suggested
alterations in subcortical WM neurons (21).

NAWM microglia upregulated STAT4 and HLA-DRa (26),
and had a lipid metabolic gene expression profile (e.g. EEPD1,
PPARG, LPL) with unchanged expression of the homeostatic
signature (P2RY12 and TMEM119) (50). Additionally, a subtype
of microglia (48) had increased expression of CD26/DPP4 in the
TABLE 1 | Continued

Omics Target Definition Technology Application Temporal
variance

Disadvantages Advantages

from cDNA libraries
(total RNA or poly
(A) RNA))
Amplicon
(targeted
sequencing based
on probes designed
for targets of
interest)

Differential gene
expression analysis of
targets of interest

Prior knowledge of target
RNAs

Multiplexing of hundreds to
thousands of amplicons per
reaction, less sequencing
with high coverage

Sc/snRNA-seq
(poly(A) tagging, 5′-
end, 3’-end or total
RNA-sequencing
within intact single
nuclei or cell)

Gene expression
profiles of individual
cells

More time-consuming, require
high quality tissue, identifies
fewer transcripts than bulk
RNA-seq (high drop-out),
imperfect coverage can lead
to a biased quantification,
complex analyses

Transcriptomic profiling of
heterogeneous tissue, or
dynamic processes in
single and within cell
groups, sensitive,
interrogate nuances of cell
signaling pathways

Spatial
transcriptomics
(sequencing of
released tissue
mRNA captured on
spotted histology
slides to combine
gene activity with
spatial resolution)

Spatially-resolved
transcriptomics

Intact good quality tissue
block, not single cell level
(each spot represent 10-100
cells), complex analyses,
time-consuming, good
microscope

Map out gene expression in
spatial context, capture
how gene expression data
might reflect the spatial
relationships among
multiple cells

Proteomics Proteins Assessment of
variation on
composition
and abundance
of the
proteome

Mass spectrometry
(identify (u)known
peptides/proteins
via separation of
gaseous ions
according to their
differing in mass
and charge)

Identification and
quantification of
proteins in a sample

High Time-consuming complex
data analysis, protein
detection is affected by high
abundance proteins and
peptide ionization

Incredibly sensitive (parts
per million), excellent for
identifying unknown
components or confirming
their presence and
abundance

Array
(binding of targets
of interest to
peptides (up to tens
of thousands in
several copies))

Identification and
quantification of
proteins of interest in
a sample

Limited to prior knowledge
(not discovery)

Profiling multiple proteins
without disturbance of high
abundance proteins, high
number of arrays available
for a wide range of
applications.

Sc mass cytometry
(simultaneous
measurement of
more than 40
proteins at single-
cell resolution)

Multiplexed and
quantitative
measurements of
proteins and their
modifications on
single cells

Low dimension, prior
knowledge of targets, limited
target number (40), significant
variation in signal intensity
over time and across
machines

Highly multiplexed and
quantitative measurements
of proteins and
modifications, good
pipelines for analysis
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NAWM (46). Astrocytic markers (GFAP, AQP4) were also
altered in the NAWM (61) (Figure 3).

Genes of several chemokines and cytokines (21, 26) were
upregulated in NAWM reflecting the low level inflammation
even without lesion formation. A mild disease course was also
associated with a different molecular profile with altered
expression of genes related to immune-regulation, myelination,
anti-oxidative mechanism and neuroprotection together with a
high hypothalamus-pituitary-adrenal (HPA) axis activity (35).

3.1.3 NAGM
The difference in WM vs. GM microglia gene expression was
significantly lower in MS compared to non-neurological disease
brains. This suggests that microglia cells are losing region-specific
profile in MS (50). However, while NAWM microglia have a lipid
signature, NAGM microglia have increased expression of genes
related to glycolysis and iron homeostasis (SCL25A37, ABCB6)
and a neurodegenerative profile (CXCR4, GPNMB, OPN/SPP1)
(Figure 3). Furthermore, in HLADRB1*15:01 positive patients,
HLA-DRB1andB5were thehighest expressedgenes inNAGM(37).
Frontiers in Immunology | www.frontiersin.org 675
3.1.4 WM Lesions
A continuum of dysfunctional homeostasis (e.g. VIM, HBB, MAF)
and inflammatory changes (e.g. CASP1, IRF5, MMP2) between
active lesionsandNAWMsupports the concept ofMS involving the
whole CNS (24). However, the lesions differed from NAWM by
high expression of genes related to immunoglobulin synthesis
(IGKC, IGL, IGGL1, ILR6) and neuroglial differentiation
(SNAP25, CAP2, NFL/M) (24). Upregulated genes in active
lesions compared to NAWM also included chemokine genes and
receptors (MIP-a, RANTES, CCR1, CCR4, CCR5, VLA-4, CCR8)
genes, interferon- and tumor-necrosis factor receptors (17), and
cytokines (TGFB, IL-3, OPN, IL-5, IL6) (18, 44, 53) (Figure 4). Two
highly expressed genes encoded the Th cell marker (CD4) and the
antigen-presenting gene (HLA-DRa) (18). Additionally, CD8+
T cells containing cytotoxic granules were suggested to
communicate with mononuclear phagocyte cell expressing
CD163 and CD11b in the lesions (49). Genes encoding multiple
autoantigens were also found in MS lesions indicating a secondary
autoimmune stimulation that could exacerbate the ongoing
inflammation (43).
FIGURE 2 | Flowchart for identification and inclusion of relevant studies for systematic review. PMD, postmortem-delay; RIN, RNA integrity number.
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TABLE 2 | An overview of the studies (n=49) that examined the transcriptome profile in human MS brain tissue.

Microarray of tissue (laser captured or macrodissected) and isolated cells: mRNA
Authors Patients Quality

(PMD, RIN)
Methodology Key findings

Whitney
et al. (17)

- 2 lesions from Becker et al. (43)
- 1 NAWM from same patient

PMD: 8h Tissue mRNA
array

- 20 DEGs in lesion vs. NAWM related to cell
metabolism, cytokines and cell adhesion molecule.

Baranzini
et al. (18)

- 8 MS samples with active demyelination
- 8 controls (non-MS)

– Tissue mRNA
array

- 31 DEGs in MS.
- CD4 was the most overexpressed gene.
- Predominant expression pattern of Th1 cytokines
mainly represented by MIP-1a, RANTES, caspase-1,
IL-1B, IL-18 IL-5, IL-6.

Whitney
et al. (19)

- 2 lesions from PPMS [from Becker et al.
(43)]
- 1 RRMS with chronic silent lesion
- NAWM from the two patients

– Tissue mRNA
array

- Arachidonate 5-LO overexpressed in both
microarray and EAE disease states but not NAWM or
normal mouse brain.

Lock et al.
(20)

- 1 active, 3 chronic active, 3 chronic inactive from 4 progressive
MS patients
- 2 control subjects

PMD: 1.5-8h Tissue mRNA
array

- MAPK2 and GM-CSF were higher expressed in
acute than chronic active lesion.
- FcRy was higher expressed in chronic than acute
lesion.

Graumann
et al. (21)

- 12 NAWM in 10 MS
- 8 WM in 7 control subjects

PMD: 5-22h Tissue mRNA
array

- DEGs in NAWM were involved in energy
metabolism, neuroprotection, oxidative stress and
ischemic preconditioning, axonal transport and
synaptic transmission: HIF1a, CREB, PI3K/Aktm
VEGF, hexokinase 1, Cl-transporter, adenosine A1
receptor, GABA-A/B R, 14-3-
3, STAT6+MCSF, IL-1, TNFa and GSH, ROS/RNS
NF-L NF-M, synaptophysin, SCG10.

Mycko
et al. (22)

- 2 chronic active (marginal and centre) and 2 silent (marginal
and centre) lesions from 4 SPMS

PMD: <8h Tissue mRNA
array

- Pathological events differ in the centre and at the
edge of the chronic lesions.
- 9 DEGs in in the marginal zone of chronic active
lesions were highlighted: CD4, IFNg, MAPKK1,
Caspase 9, Cbl-b, EDDR1, HSP90, FLT3 ligand,
adenosine A1 receptor.

Tajouri
et al. (23)

- 2 acute and 3 chronic active lesions from 5 SPMS
- 4 control areas from non-MS

PMD: 4-24h Tissue mRNA
array

- Upregulation of immune-related DEGs: MAL, VIL2,
CXCL10, CXCR3 in MS.
- Detection of genes related to oxidative damage
protection: TF, SOD1, GPX1, GSTP1.

Lindberg
et al. (24)

- 5 active lesions and 5 NAWM lesions from 6 SPMS
- 12 WM from 12 control subjects

PMD: 3:45-
9:20h

Tissue mRNA
array

- Lesions and NAWM shared downregulated DEGs of
anti-inflammatory property: EGFR,
TGFB3, cre-bp-1.
- Lesions differed from NAWM by higher Ig level and
IL-6R.
- Lesions had DEGs related to neuroglial
development: NF-L/M, STMN2, a/b-tubulin, dynamin,
CAP2.

Mycko
et al. (25)

Same data as Mycko et al. (22) PMD: <8h Tissue mRNA
array

- The centre of chronic active and inactive lesions had
fewer genes differentially expressed and less
infiltration.
- TNF and IL-6 were underrepresented in chronic
inactive, but upregulation of bcl-xm GFR2, hsp90A
hsp60.

Zeis et al.
(61)

- 11 NAWM from 11 MS
- 8 controls

PMD: 6-26h Tissue mRNA
array

Upregulation of both pro-inflammatory response:
STAT4, IL-1B, MCP-1, ICAM-1, RANTES, HLA-DR;
and anti-inflammatory response: IL-10, TGFB2,
STAT6, IL4R, IL13R.

Zeis et al.
(26)

- 4 biopsy from both lesion and non-demyelination in MS patient
- 8 NAWM autopsy MS patients
- 2 biopsy controls

– Tissue mRNA
array

- Active astrocytes (GFAP, AQP4, HLA-DRA) and
active oligodendrocytes (PLP, MAG,STAT6, nNOS,
HO-1) are strongly up-regulated in non-demyelinated
WM during a very early acute phase of MS.

Cunnea
et al. (27)

- Chronic active, chronic inactive and NAWM from 4 PPMS
and 8 SPMS
- WM from 5 controls

PMD: 8-33h Microarray of
microdissected
vessels

- 113 genes involved in all aspects of endothelial cell
biology, and 50% of those were DEGs from chronic
active or inactive compared to NAWM or control.
- Upregulated genes in chronic active and inactive
were among others VEGFA, MMP1,
MMP14 and ICAMs.
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TABLE 2 | Continued

Fischer
et al. (28)

3 microdissected active lesions of patients with fulminant acute
MS

– Tissue mRNA
array

Array detected genes of mitochondrial injury together
with gene expression of various nicotinamide adenine
dinucleotide phosphate oxidase subunits. The data
suggest inflammation-associated oxidative burst in
activated microglia and macrophages.

Mycko
et al. (29)

5 CA lesions (marginal and centre) compared with NAWM from
5 SPMS

PMD: <8h
RIN:6-7.5

Tissue mRNA
array

- 45 heat-shock protein (HSP) genes of all 8 major
families were present, and the pattern of HSP differed
between centre and margin of the chronic active
lesions.

Mohan
et al. (30)

- 6 demyelinated inactive lesion from 4 MS
- 4 remyelinated lesions from 3 MS
- 4 demyelinated active lesions from 3 MS
- 6 WM from 4 controls

– Tissue mRNA
array

- FGF1 was the most abundant gene in remyelinating
lesions compared to demyelinating and WM control
tissue.

Licht-
Mayer
et al. (31)

WM study:
- 4 acute MS cases each with NAWM, initial demyelinating
lesions, late active lesions
- 4 control cases
GM study:
- 3 SPMS each with cortical lesions
- 3 control cases

– Tissue mRNA
array

- Nrf2 is upregulated in active MS lesions, especially in
oligodendrocytes, while few number of Nrf2-postive
neurons were detected.
- A number of Nrf2-responsive genes involved in
protection against oxidative stress were upregulated
in initial demyelinating lesions.
- Expression pattern of Nrf2-induced genes differed
between WM and GM.

Waller
et al. (32)

- 5 samples with astrocytes in NAWM from MS
- 5 samples with astrocytes in WM from controls

PMD:5-33h
RIN:>3

mRNA array of
GFAP positive
cells

Genes upregulated in NAWM astrocytes were related
to scavenge transition metal ions and free radicals
(MT1,MT2), transport and storage of iron (FTL, TF)
and immune related ischaemic preconditioning (TGF-
B3, MAPKAPK2, MAPK4), while gene encoding
COX2 enzyme (PTGS2) was downregulated.

Hendrickx
et al. (33)

- rim and perilesional-NAWM of 7 chronic active and 8 inactive
lesions from 12 RRMS, 1 PPMS, and 2 with unknown MS
disease course
- 10 WM from 10 control subjects

PMD:
8:23±2.51-
9:03±0.45h
RIN:
5.79±0.62-
7.42±0.67

Tissue mRNA
array

- Upregulation of DEGs in rim of lesions involved in
immune function, lipid binding, lipid uptake, and
neuroprotective functions
- Identified a set of genes that are related to lesion
activity and expansion: CHIT1, GPNMB, CCL18,
OLR1, CD68, MSR1, CXCL16, CXCR4, NPY, KANK4,
NCAN, TKTL1, ANO4.

Zeis et al.
(34)

- 9 active lesions, 9 NAWM, 7 remyelinating lesions and 5
inactive lesions from 7 PMS patients

PMD: 9-27h
RIN:>7

Tissue mRNA
array

- Increased expression of STAT6-singaling gens in
active, remyelinating and inactive lesions
- Expression of genes involved in
oligodendrogliogenesis were qualitative and
quantitative differently expressed in the different WM
lesions

Melief et al
(35)

- NAWM from 18 MS
- WM from 9 controls

PMD:
4:15-13:20h
RIN: 7.4-7.8

Tissue mRNA
array

In MS patients with mild MS and high HPA-axis, the
NAWM expression profile reflected genes involved in
regulation of inflammation, myelination, anti-oxidant
mechanisms and neuroprotection.

Magliozzi
et al. (36)

- 20 MS motor cortex with and without substantial meningeal
inflammation
- 10 controls

PMD: 3-44h
RIN: >7

Tissue mRNA
array

A changing balance of TNF signalling in the cortex
depending on the degree of inflammation.

Enz et al.
(37)

64 NAGM samples of 25 MS patients and 42 control GM
samples of 14 controls

PMD: 3-28h
RIN: >6

Tissue mRNA
array

HLA-DRB1 is significantly higher expressed in MS
NAGM and the protein expression is increased in
HLADRB1*.
15:01-positive cases in grey matter on microglia
based on immunofluorescence colocalization.

Jäckle
et al. (38)

- 8 chronic active, 8 NAWM and 1 lesion rim af a chonic inactive
lesion

PMD: 9-34h
RIN: >3

Tissue mRNA
array

- Accumulation of M1 microglia phenotype at lesion
rim.
- Upregulation at ALOX15B, MME and TNFRSF25 in
the lesion rim.

Microarray of tissue (laser captured or macrodissected): microRNA and methylome
Authors Patients Quality

(PMD, RIN)
Methodology Key findings

Junker
et al. (39)

- 16 active and 5 inactive white matter multiple sclerosis brain
lesions
- 9 control white matter specimens.

Tissue
microRNA array

- miRNA signatures of active and inactive brain
lesions of patients with MS.
- microRNA-34a, microRNA-155 and microRNA-
326 were upregulated in active MS lesions and
related to the CD47 in microglia/macrophages.
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Chomyk
et al. (40)

9 myelinated and 7 demyelinated regions of hippocampus from
15 MS patients

PMD: 4-12h Tissue
methylation
array

Genes involved in synaptic plasticity and neuronal
survival were altered by methylation changes following
demyelination in MS hippocampus. Here among
hypomethylation of 6 genes (AKNA, EBPL, FLJ42709,
HERC6, OR52M1, SFRP1) in demyelinated regions.

Tripathi
et al. (41)

5 myelinated and 5 demyelinated WM lesions 6 SPMS patients PMD: 9-37h Tissue
microRNA array

- Discovery of 11 pathogen-related and 12 protection-
related miRNAs previously identified in sera and
correlating with WM MRI abnormalities.
- 7 of the 12 microRNAs related to protection were
decreased in the MS lesions.

Kular et al.
(42)

- Neuronal nuclei isolated from 14 MS patients (incl. NAWM,
active, chronic active, chronic lesions) and 12 controls

PMD: 11±
11.4-23±3.7h

Tissue
methylation
array

- DNA methylation alterations in WM-neurons from
MS patients compared to control.
- Potential impaired CREB-mediated neuro-axonal
integrity due to hypo-5mC and hyper-
5hmC in MS neurons.

Fritsche
et al. (64)

- 7 subpial lesions, 7 leucocortical lesions, 7 chronically inactive
WM lesions and NAWM from 18 MS brains
- Subpial and leucocortical areas of normal GM and normal WM
from 12 age-matched controls

Tissue
microRNA array

- 5 of 7 significantly upregulated miRNAs in grey
matter lesions (miR-330-3p, miR-4286, miR-4488, let-
7e-5p, miR-432-5p) shared the common target
synaptotagmin7 (Syt7).

Tripathi
et al. (41)

miRNA study: 5 NAGM and 5 MS demyelinating cortical lesions
mRNA study:
8 NAGM from 6 MS brains and 8 cortical lesions from 8 MS
brains

PMD: 3-9h Tissue
microRNA array

- 10 significant up- and 17 significant downregulated
microRNAs in demyelinated GM vs. NAGM.
- Predicted target mRNAs belonged to TGF-b
signalling and FOXO signalling.
- mir149, mir20a, mir29c and mir24 were key
regulators based on PPI network analysis.

Next generation sequencing (NGS) of tissue (laser captured or macrodissected) and isolated cells: mRNA and total RNA
Authors Patients Quality

(PMD, RIN)
Methodology Key findings

Becker
et al. (43)

- 3 lesions from 1 PPMS
- 2 areas from healthy adult brain

PMD: 8h Expressed
sequencing
tag (EST)

- 56 DEGs related to immune activation in PPMS.
- Discovery of MIP-1a and RANTES.

Chabas
et al. (44)

- 2 acute and 1 chronic lesion from 3 MS patients
- 1 control subject

EST - 50 DEGs in MS as GFAP, MBP, HSP70, CRYAB and
OPN (osteopontin).
- Degree of OPN expression correlated with severity of
EAE disease.

Schmitt
et al. (45)

- 7 WM lesions from 6 MS
- 7 WM areas from 7 controls

PMD: 4:50-
12h

Next generation
amplicon
sequencing

- No significantly different transcription patterns, when
comparing HERV-W transcription in brain lesions from
MS to healthy.

Huynh
et al. (46)

- 28 NAWM from MS
- 19 WM from controls

PMD: ≥31h
RIN: ≥7

Tissue NGS
(mRNA) and
methylation
array

- Downregulated and hypermethylated genes in
NAWM were related to oligodendrocyte and neuronal
function (BCL2L2, HAGHL, NDRG1).
- Upregulated and hypomethylated genes in NAWM
were encoding for cysteine proteases (CTSZ, LGMN).

Kriesel
et al. (47)

Frozen brain tissue from:
- 14 demyelinating brains: PPMS (n=11), SPMS (n=1), NMO
(n=2)
- 14 controls
- 7 OND: herpes encephalitis (n=3), unknown encephalitis (n=2),
subacute
sclerosing pan encephalitis (n=2)

PMD: 4-24h Tissue NGS
(total RNA)

- Overexpression of HERV in demyelinating and OND
brain samples compared to normal brain. Specific
HERV and KRAB sequences were overexpressed in
the demyelinating group.

Elkjaer
et al. (48)

- 21 NAWM, 16 active, 17 chronic active, 14 inactive, 5
remyelinating lesion from
10 progressive MS patients
- 25 WM of non-neurological disease subjects

PMD: 8-30h
RIN: 6±1.7

Tissue NGS
(total RNA)

- chronic active lesions were the most distinct from
control WM based on the highest number of unique
DEGs (n=2213), and differed the most from
remyelinating lesions, indicating end of the spectrums
in lesion evolution.
- CD26/DPP4 was expressed by a subpopulation of
microglia in the NAWM.
- TGFb-R2 was the central hub in the de novo
network of common lesion DEGs, and it was
expressed by astrocytes in remyelinating lesions.

Konjevic
Sabolek
et al. (49)

Laser-microdissected target areas of CD8 and perforin in active
MS lesions of 4 patients

NGS (mRNA)
of cells
communicating
with CD8+ cells

- Communication between CD8+ T cells and
mononuclear phagocyte cells expressing
CD163 and CD11b.
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Van der
Poel et al.
(50)

- 5 NAGM (occipital cortex), 10 NAWM (CC) of MS
- 5 GM (occipital cortex), 11 WM (CC)
of non-neurological disease

PMD:
6:06±0.018h
(control)
9:17±0.18h
(MS)
RIN:
7.3±0.4, 7±
0.5 (control)
8.1±0.3, 6.3±
0.8 (MS)

NGS (mRNA) of
isolated
microglia

- Microglia show a clear region-specific profile
between WM and GM.
- Homeostatic profile of microglia was maintained in
the normal appearing tissues (no changes in P2RY12,
TMEM119).
- Different regional transcriptional changes in MS
microglia: microglia in NAWM had genes related to
lipid metabolism; NAGM microglia had genes related
to glycolysis and iron homeostasis.

Voskuhl
et al. (51)

5 MS patients and 5 controls with regions
including corpus callosum, optic chiasm, internal capsule,
hippocampus, frontal cortex, and parietal cortex

RIN:
5.1-8.3
(control)
6.1-8.7 (MS)

Tissue NGS
(mRNA)

- Corpus callosum and optic chiasm were the most
significantly affected CNS regions in
MS.
- Myelinating oligodendrocytes were the cell type
most enriched with DEGs in MS.

Chiricosta
et al. (52)

Six different brain areas (corpus callosum, hippocampus, optic
chiasm, internal capsule, frontal cortex and parietal cortex)from 5
MS and 5 controls (data from Voskuhl et al. 2019)

RIN:
5.1-8.3
(control)
6.1-8.7 (MS)

Tissue NGS
(mRNA)

HSPA1A, HSPA1B, HSPA7, HSPA6, HSPH1 and
HSPA4L, encoding for HSP70s, are significantly
upregulated in corpus callosum, hippocampus,
internal capsule, optic chiasm, and frontal or parietal
cortex, between healthy individuals and MS patients.

Frisch
et al. (53)

The MS Atlas of Elkjaer et al. (48) PMD: 8-30h
RIN: 6±1.7

Tissue NGS
(total RNA)

VLA-4 is highly expressed in active lesions in non-
treated PMS patients.

Rodrıǵuez-
Lorenzo
et al. (54)

Choroid plexus samples from 6 PMS patients and 6 controls PMD: 4.33-
11h
RIN: ≥ 6.5

NGS (mRNA) - 17 genes increased in CP of PMS, here among the
ncRNA, HIF1A-AS2.
- Transcript alterations were related to hypoxic
responses and secretion of neuroprotective peptides.

Elkjaer
et al. (55)

71 MS brain samples and 25 control WM samples from Elkjaer
et al. (48)

PMD: 8-30h
RIN: 6±1.7

Tissue NGS
(total RNA)

2.73% of the transcripts mapped to HERV transcripts.
Here among HERV-W and HERV-H transcripts
located close to the MS genetic risk locus at
chromosome 7 regions were uniquely expressed in
MS lesions.

Elkjaer
et al. (55)

73 MS brain samples and 25 control WM samples from Elkjaer
et al. (48)

PMD: 8-30h
RIN: 6±1.7

Tissue NGS
(total RNA)

APOC1 was significantly increased in active MS
lesions and PTPRG significantly increased in all WM
MS brain tissue, while both encoding proteins were
upregulated in the CSF of multiple MS subtypes.

Manuel
et al. (94)

- Isolated microglia from 10 MS NAWM and 11 controls from
van der Poel et al. (50)
- 7 chronic active perilesional MS NAWM and 10 controls [from
Hendrickx et al. (33)]

NGS data from
both tissue and
microglia in
NAWM and
WM

- Cross dataset evaluation suggested MAPK and
JAK/STAT3 pathways as potential drug targets in MS.
- CDK4, IFITM3, MAPK1 MAPK3, METTL12B were
enriched colocalized genes in de novo network.
- Rubidomycin hydrochloride and zafirlukast were
suggested as potential medications for drug
repositioning strategies.

Single nucleus RNA next-generation sequencing (snRNA-seq) of tissue and isolated cells
Authors Patients Quality

(PMD, RIN)
Methodology Key findings

Jakel et al.
(56)

- 3 active, 3 chronic inactive, 4 chronic active, 3 NAWM, 2
remyelinating lesions from 4 progressive MS patients
- 5WM from 5 controls

RIN: 4.04±.41 Tissue snRNA-
seq

- Fewer nuclei from OPCs in all MS lesions and in
NAWM compared to control.
- The intermediate Oligo6 cells were highly reduced in
MS.
- Skewing in the subclusters of mature
oligodendrocytes between MS and control tissue: the
Oligo1 cluster was depleted in MS, whereas the
Oligo2, Oligo3, Oligo5 and ImOLG clusters were
enriched.

Masuda
et al. (57)

- 5 patients with early active multiple sclerosis
- 5 from healthy brain tissue removed during surgery for epilepsy

– snRNA-seq of
isolated
microglia

- Microglia in MS had downregulation of homeostatic
signature: TMEM119, CX3CR1, P2RY12 and
SLC2A5.
- Microglia could be separated into subsets with
specialized functions as APC function, matrix-
remodelling function, dampen cytotoxic functions.

Schirmer
et al. (58)

- 12 MS tissue samples (entire tissue blocks including lesion and
non-lesion GM and WM areas plus meningeal tissue)
- 9 tissue samples from control individuals

PMD:6-27h
RIN: 6.8-9.1

Tissue snRNA-
seq

- CUX2+ excitatory neurons in cortical layers 2-3 were
the cell type predominantly lost
- WM astrocytes underwent broad transcriptional
changes in the areas surrounding the lesion rim, such
as upregulation of GFAP and CD44.
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Mitochondrial injury in initial WM lesions was indicated by
increase of ND1-6, CYTB, COX1, CYBA, MPO, PTGS1, PXDN,
GPX4, PRDX1, SGK2, ALOX12, EPHX2 expression, which were
related to degeneration of oligodendrocytes and neurons and
contributed to reactive oxygen species production by activated
microglia and macrophages (28) (Figure 4).

Active and chronic active lesions shared upregulation of a
number of genes coding for e.g. iron-binding protein (TF),
chemokine and its receptor important for T cell accumulation
in CNS (CXCR3, CXCL10), the myelin-binding protein (MBP),
the first subcomponent of the complement system (C1QB),
oxidative protection (GPX1, SOD1) and cytokines (IL-6, IL-17,
INFg) (20, 23). However, 70 uniquely differentially expressed
genes were also found: e.g. coding for the receptor related to
differentiation (EPHB6), the granulocyte-macrophage colony-
stimulating factor (GM-CSF), and a MHC class I molecule
(HLA-A) in active lesions or e.g. genes coding for the
chaperone protein (HSPA1A), component of MHC class I
(B2M) or complement factor 4B (C4B) in chronic active lesions.

Differences have also been found on an epigenetic level, as the
microRNA profile was different between active and inactive lesions
(39). In the active lesions, microRNA-34a, -155 and -326 were all
upregulated and targeted the CD47 in brain resident cells to
release inhibitor control and promote phagocytosis (Figure 4).
Moreover, upregulated miR-22, miR-320 in active lesion and
upregulated miR-30d in inactive lesions (39) were related to
pathogenic changes (41), while downregulation of miR-18a,
miR23b in inactive lesions (39) were related to protective changes
correlating with MRI abnormalities (41).

An in-depth investigation of different lesion types (active, early
remyelinating, chronic active, inactive) in theWMshowed extreme
diverse events at transcriptome level. More differential expressed
genes were unique than shared. Among the 282 altered genes
common to all lesion types were genes related to inflammation
Frontiers in Immunology | www.frontiersin.org 1180
(STAT6, CXCL12, TNFs, DPP4/CD26, ITGA4, GPNMB, IL16,
HLA-DRB5, MAFB, IGHG1, IGF2, MMP2), phagocytosis (SCD,
CD163, MERTK) complement pathway (CFH, C7, CFI), apoptosis/
necroptosis (FADS1, CASP1,-4, MLKL) (48). Immunoglobulin
genes were among the top 10 in all WM MS tissues, but the most
heterogeneous expression pattern was detected in early
remyelinating lesions. TGFBR2 was the major molecular hub of
the largest shared lesion network and was highly expressed in
remyelinating lesions by astrocytes (48) (Figure 4). The most
different signatures were found between remyelinating and
chronic active lesions. Chronic active lesions had the highest
number of unique genes reflecting intrinsic neuronal alterations,
anddenovonetworks suggested an end-stage exhaustion (48).Most
of the uniquely expressed genes in the early remyelinating lesions
were non-coding RNAs, while others were related to lymphocytes
and NKT cells (e.g. CD8a, TIAM1, CTSW, CCL5/RANTES),
growth and development (e.g. PEG10, BMP4, GDF10), vascular
changes and remodeling (e.g. PLAU, VEGFA, CTGF),
mitochondria and protective stress responses (e.g. NDUFA4,
NOSTRIN), lipid metabolism (e.g. ACACA, ACOX2, ADH6,
CA3), and neurons (e.g. NEUROD1, NLGN1, GRIA3) (Figure 5).
Another study found CXCL12, SCD, STAT6 increased in all lesion
types, and transcriptional differences between lesion types reflected
a heterogeneous oligodendrogliogenesis (34). Quantitative changes
of oligodendrocyte regulators were also found in remyelinating
lesions (30).Compared todemyelinating lesions, remyelinationwas
accompanied by significant changes in the expression of myelin
proteins (CNP, MAG, MBP, MOBP, MOG, OMG, PLP1), anti-
inflammatory IL10, and semaphorins (SEMA3C, SEMA4D,
SEMA6A, SEMA6D, SEMA7A) (Figure 5). The growth factor
gene FGF1 was significantly increased in remyelinating lesions
compared to both control WM and demyelinating lesions. In
functional experiments, FGF1 promoted both developmental
myelination and remyelination by inducing LIF and CXCL8 in
TABLE 2 | Continued

-Microglia were dramatically increased in number in
MS.
- Myelinating oligodendrocytes at lesions had
signatures of cell stress, iron accumulation and MHC
class I presentation.

Wheeler
et al.
(59)

CNS samples from 4 MS and 5 controls (included datasets from
other scRNA-seq studies: cortical and cerebellar astrocytes from
20 MS and 28 controls)

RIN: 6.3±.80 Tissue snRNA-
seq

- An expanded astrocyte population in MS vs control
characterized by decreased NRF2 activation and
increased MAFG activation, DNA methylation, GM-
CSF signalling and pro- inflammatory pathways
activity.

Absinta
et al. (60)

- 6 chronic active rim, 5 chronic inactive rim, 2 lesion core, 4
periplaque from 5 patients with progressive MS
- 3 WM from 3 sex-matched controls

PMD: 6-12h Tissue snRNA-
seq

- High glial and immune cell diversity between lesion
cores, active or inactive rim, and periplaque WM.
Discovery of a lymphocyte-microglia-astrocyte axis
with the key involvement of C1q in chronic active rim.
- Two main microglia subsets identified: MIMS-foamy
and MIMS-iron. Additionally, microglia signatures in
MS overlap with neurodegenerative diseases
suggesting similar mechanisms between primary and
secondary degermation.
- MIMS target genes were regulated by lymphocytes
with the involvement of C1q, and C1q- blocking
antibody gave a more homeostatic microglia
phenotype.
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astrocytes to recruit oligodendrocytes. GFAP was also significantly
increased in active and remyelinating lesions (55) (Figures 4, 5).
The glia receptor protein tyrosine phosphatase gene PTPRG was
increased in allMSWMtissues, andwas also significantly increased
in the CSF of MS patients compared to healthy and other
neurological disease controls (55). CHI3L1 was increased in
astrocytes in the chronic active lesion rim (55), and by microglia
in active lesions compared to NAWM (50).

In a single-nucleus studyofWMlesions, themajority of cellswere
oligodendrocytes, and oligodendrocytes represented the most
heterogenous cell population (56). One of the seven
oligodendrocyte populations was termed immune oligodendroglia
(imOLG) due to expression ofAPOE andCD74. OPCswere reduced
in lesions and NAWM compared to control WM. One
oligodendrocyte population was depleted, whereas three others and
imOLG were enriched in MS. Several myelin protein genes were
upregulated in mature oligodendrocytes in MS, however some of
those (e.g.CNP,MAG)were downregulated in remyelinating lesions.
Frontiers in Immunology | www.frontiersin.org 1281
Excessive expression of the antioxidant transcription factor
NRF2 in oligodendrocytes indicated oxidative stress and
degeneration at sites of initial demyelination in active lesions (31).
NRF2 in astrocytes and macrophages were mainly seen in the later
stages of active lesions with profound loss of oligodendrocytes.
NRF2 in neurons was low or absent despite NRF2-positve
oligodendrocytes in close proximity indicating cellular differences
in reaction to oxidative stress and inflammation (Figure 4).

In chronic active lesions,14 genes were significantly upregulated
in the rim vs the center (e.g. IFNG, NGF2, CD4, CASP9, MAPKK1)
(22, 25, 29) (Figure 6). Inflammatory genes were upregulated in
chronic active lesion center (CCL4, IL6, CD27, TNFA) (Figure 6),
while upregulation of NCAM, CSF1, HSP60, HSP90A, BCL2L1 in
inactive lesion center and rim highlighted different inflammatory
responses, beside apoptosis and stress (Figure 5). Heat shock
protein genes in inactive lesions (48) and in the rim of chronic
active lesions were upregulated, especially the heat shock factor 4
(HSF4) (29).
FIGURE 3 | Signature of NAWM and NAGM in the MS brain based on transcriptome and proteome studies. In the NAWM, alterations in all brain resident cells were
observed. Oligodendrocytes are characterized by altered myelin transcripts and upregulate anti-inflammatory and hypoxia-induced pathways (STAT6-, HIFa-
signaling). Microglia upregulate pro-inflammatory molecules (STAT4-signaling, HLA-DR, GPNMB, CD163). Inflammatory astrocytes have iron- and oxidative stress-
related profiles. In the NAGM, microglia have a distinct inflammation-induced neurodegenerative profile from NAWM (CXCR4, ABCB6, SCL25A37). Neurons in the
NAGM express hemoglobin b (HBB) and have alterations in mitochondrial proteins. The figure was created by compiling data from several articles, and therefore
molecules may not be expressed at the same time. Created with BioRender.com.
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Upregulation of 165 genes and downregulation of 35 genes were
identified in the chronic active lesion/slowly expanding lesions
compared to inactive aswell asNAWM(38).Theupregulated genes
suggested accumulation of microglia with proinflammatory
differentiation at the lesion edge (e.g. CD163, CD68, CSF3R,
IGFBP5, ALOX15B, MME, TNFRSF25) (Figure 6). A study that
investigated the rim and peri-lesional regions of both chronic active
and inactive lesions, found upregulation of previously not reported
genes in the rim of chronic active lesions (NPY, KANK4, NCAN,
TKTL1, ANO4) (33) (Figure 6). They also found that foamy
macrophages in the rim upregulated genes involved in lipid
binding and uptake indicating the expansion of demyelination
(e.g. MSR1, CD68, CXCL16, OLR1, CHIT1, GPNMB all
(Figure 6). Stressed oligodendrocytes with iron overload, reactive
astrocytes and activated phagocytosing cells were also detected in
the rim of chronic active lesions (58). These findings were
confirmed and elaborated in a recent snRNA-study, where they
found immunological-active OPCs, inflamed astrocytes (AIMS)
and microglia (MIMS) in the chronic active rim (60). These were
Frontiers in Immunology | www.frontiersin.org 1382
strongly connected to a high number of T cells and plasma cells
suggesting an active role of the adaptive immune system in lesion
expansion in collaboration with the glia cells in the smoldering
inflammatory lesions (60). Microglia consisted of two distinct
functional subtypes: the MIMS-foamy characterized by myelin
phagocytosis and clearance properties, and the MIMS-iron,
characterized by expression of complement C1q-complex,
antigen-presentation and direct propagation of inflammatory
damage at the lesion edge. The inflamed astrocytes were enriched
for response to lipid, corticosteroids, wounding and expression of
C3 similar to the A1 phenotype identified in the GM (62).

3.1.5 GM Lesions
A combined microRNA and mRNA profiling in GM lesions vs
NAGM found significantly regulated microRNAs in GM lesions,
which target genes of axonal guidance, TGFb-signaling and FOXO
signaling (63). Out of 27 significantly altered microRNAs, four
microRNAs (mir149,mir20a,mir29c,mir25) and their targets (e.g.
HIF1A, VEGFA, TGFBR1, TGFBR2, NFKBIB, FGFR1, TNFSF10,
FIGURE 4 | Signature of active WM lesion in the MS brain based on transcriptome and proteome studies. In the active lesion, an increase in both innate and
adaptive inflammatory responses are present characterized by different molecular components in resident and infiltrating cells. An oxidative stress and degenerative
profile especially in the oligodendrocytes and neurons have also been detected. The figure was created by compiling data from several articles, and therefore
molecules may not be expressed at the same time. Created with BioRender.com.
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BCL2, MAP2K4, STAT3, MMP2, PTEN, CD44) were associated
with GM atrophy (Figure 7) (63). Three of the 27 significantly
altered microRNAs were also detected in another GM lesional
microarray study (mir181b, mir129-5p, mir1180) (64).
Additionally, miR-330-3p, miR-4286, miR-4488, let-7e-5p and
miR-432-5p shared the same mRNA target, the Syt7 gene coding
for the neuroaxonal protein normally transported to synapses.
These 5 microRNAs may be protective against Syt7 accumulation
in the soma resulting in disturbed axonal transport.

TNF signaling was also significantly increased in GM lesions.
Increasedmeningeal inflammationwas associatedwith a shift from
TNFR1/TNFR2 and NFkB-mediated anti-apoptotic pathways
towards TNFR1- and RIPK3-mediated pro-apoptotic/pro-
necroptotic signaling (36) (Figure 7). TNFR1 was expressed by
neurons and oligodendrocytes, while TNFR2 was predominantly
expressed by astrocytes and microglia. The authors suggest that
immune cells in meninges generate a milieu of increased
demyelination and neurodegeneration by changing the balance of
TNF signaling.
Frontiers in Immunology | www.frontiersin.org 1483
Another study found a selective loss of neurons expressing the
transcription factor CUX2 in upper cortical layer lesions
associated with pronounced meningeal B cell infiltration (58).
These neurons expressed markers of cellular stress (PPIA,
NORAD, PUMILIO, RBMX), and their loss may be a key event
in MS progression and cortical atrophy (Figure 7).

3.1.6 Cell-Specific Changes
A study focused on endothelial cells in vessels found 52 genes
significantly altered in chronic active or inactive lesions compared
to control WM or NAWM (27). The majority of these genes
belonged to endothelial cell activation, while VEGFA was the only
one belonging to angiogenesis. Most of the genes were highly
expressed in chronic active lesions compared to control WM
(ANXA5, CSF3, FGF1,-2, FLT1,-4, ICAM1, MMP1, -2) (Figure 6)
andcompared toNAWM(FGF2,FLT1,-3,MMP14,PLAU,RIPK1).
Several endothelin genes (1,2,3,A) involved in constriction of blood
vessels and supply were increased in inactive lesions compared to
NAWM (Figure 5).
FIGURE 5 | Signatures of repairing/remyelinating and inactive WM lesion types in the MS brain based on transcriptome and proteome studies. Remyelinating
signatures are characterized among others by soluble growth factors and reparatory molecules such as FGF-1, -2, TGFB1,-2, BMP4 and GDF10. Oxidative and anti-
oxidative responses are present, as well as a heterogenous immune response. In the inactive lesion, different heat shock proteins are present together with changes
in endothelin transcripts. The figure was created by compiling data from several articles, and therefore molecules may not be expressed at the same time. Created
with BioRender.com.
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Transcriptional profiling of isolated astrocytes in NAWM also
revealed increased gene expression related to iron metabolism,
oxidative stress, and inflammatory response (32) (Figure 3). An
astrocyte single-cell study identified an expanded astrocyte
population in active lesions characterized by decreased NRF2
and increased MAFG, GM-CSF signaling, pro-inflammatory
pathway activity and DNA methylation (DNMT1) (59)
(Figure 4). This astrocyte population is characterized by a
MAFG/MAT2a-driven pro-inflammatory genomic program
contributing to the pathology and may be induced by GM-CSF
produced by infiltrating T cells (Figure 4). This corresponds to the
high GM-CSF in active lesions (23), and low NRF2 in astrocytes in
initial demyelinating lesions (31).

Seven microglia cell populations expressing the core microglial
genes (TMEM119, P2RY12) in theWMwere discovered in a single-
cell study (57). Two of these clusters were enriched in brains of MS
patients and one was associated with MS. These three populations
had increased levels of APOE and MAFB (Figures 4, 8).
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The MS-associated microglia subset highly expressed CTSD,
APOC1, GPNMB, ANAX2, LGALS1, while the two MS-enriched
clusters showed high expression of either CD74, HLA-DRA, HLA-
DRB1 or OPN/SPP1, PADI2, LPL (Figure 8). These findings
suggest distinct disease-related subtypes of microglia in the MS
brain, which were similar to microglia subtypes in a demyelination
model. However, subsets of microglia varied substantially between
individual patients indicating high inter-individual heterogeneity.
Additionally, the different microglia populations appeared as a
transcriptional continuum of the local populations, which could
reflect the ability of microglia to easily adapt to changes in
the surroundings.

Methylome changes within neuronal nuclei in WM suggested
alterations in axonal guidance, synaptic plasticity and CREB
signaling in MS (42). The CREB activity was reduced in NAWM
compared to WM neurons suggesting alteration of CREB
signaling prior focal tissue damage (Figure 3). Neurons from
MS patients displayed epigenetic alterations affecting several
FIGURE 6 | Signatures of chronic active lesion in the WM lesion types in the MS brain based on transcriptome and proteome studies. Chronic active lesion has a
different molecular profile in rim vs center. Most activity is present in the rim with stressed astrocytes and oligodendroglia, proinflammatory microglial polarization and
foamy macrophages. Additionally, presence of coagulation factors and endothelial alterations are detected. The chronic active lesion displayed the highest number of
neuronal/axonal intracellular components. The figure was created by compiling data from several articles, and therefore molecules may not be expressed at the same
time. Created with BioRender.com.
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genes of the glutamate/GABA signaling along with
interconnected cellular networks (semaphoring/plexin, Slit/
ROBO, Shh/Wnt signaling). Lesion-associated changes in genes
implicated neuronal projections and synaptic processes (e.g.
GABRA5, PRKG1, DLGAP3/SAPAP3) (42) (Figure 4).

3.1.7 Non-Human Transcripts
Amplicon next-generation sequencing of the human endogenous
retrovirus (HERV)-W group found very similar transcript level
between of WM lesions and control WM but evidence for
interindividual differences in HERV-W transcript levels (45). In
another study, genome-wide HERVs expression level betweenMS
WM and control WM was not different (65). However,
transcripts of HERV-W were reduced in chronic active and
repairing lesions. Additionally, four different transcripts of
HERV-W on chromosome 7 were only present in the MS brain
(65). Another study found HERVs significantly overexpressed in
demyelinating brain tissue including several retroviral domains
(core, envelope, integrase, reverse transcriptase) (47). However,
the overexpression was small. Due to multiple similar HERV
Frontiers in Immunology | www.frontiersin.org 1685
transcripts incorporated and spread out throughout the human
genome, examination of them is difficult.

Presence of microbial RNA sequences and bacterial antigens
were associated with demyelinating brain lesions (66). In the
study, they found 29 MS microbial candidate genera from 11
different phyla, most of which were anaerobic.
3.1.8 Databases
Based on these transcriptomics data, novel interactive online
databases were generated. The MS Atlas (www.msatlas.dk),
comprises comprehensive high-quality transcriptomic profiles
of 98 different WM lesion types (53). The user-friendly MS Atlas
was designed to provide information about significant expression
of candidate genes and their participation in de novo protein-
protein interaction networks in different MS lesions (53, 67). The
OligoInternode database (https://ki.se/en/mbb/oligointernode),
and the single cell expression atlas (https://www.ebi.ac.uk/gxa/sc/
experiments/E-HCAD-35/results/tsne) give information about
gene expression from single cells in MS lesions.
FIGURE 7 | Signature of the GM lesion in the MS brain based on transcriptome and proteome studies. GM lesions are characterized by neuronal death mediated
through TNF signaling. The CUX2-expressing cells are particularly vulnerable for degeneration. Alterations in microRNAs have been detected in the GM lesions
associated with cortical atrophy. The figure was created by compiling data from several articles, and therefore molecules may not be expressed at the same time.
Created with BioRender.com.
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3.2 Systems Proteomics to Examine
Pathological Mechanisms in the
MS Brain Tissue
Proteomics has also been developed as a large-scale unbiased tool
for identifying final products of cells and post-translational
modifications such as phosphorylation, glycosylation and
acetylation associated with MS (68, 69). Despite various proteome
studies in brains of animal models of MS, only a few proteome
studies of MS CNS tissue have been performed (Table 3).

3.2.1 WM Immune Activity
A proteome study found that 109 proteins could separate WM
lesions from adjacent NAWM and control WM (70). Overlap
was only observed between NAWM and WM lesions, but not
between NAWM and control WM.

To characterize the MHC-bound peptide repertoire in MS
brains, proteomics was performed on captured HLA-A, B, C, and
DRs. 118 amino acid sequences fromMHC I and 191 fromMHC
II were eluted corresponding to 174 identified proteins including
both known and novel autoantigens (72). Some were involved in
apoptosis (annexin A1, BCL2-associated TF1), enzymes (GDH,
GS, G3PD, NADH dehydrogenase), cytoskeleton (actin, a-
ubulin), immune responses (CXCR1, IL12R), CNS structure
(NFL, GFAP, MBP, a-synuclein), and serum proteins/iron-
related/coagulation (APOD, APOE, ferritin, transferrin, von
Willebrand factor). These proteins within the MHC ligandome
mirror the proteins involved in different features of the
MS pathology.

Combined proteomics and genomics on two acute MS
autopsied brain samples detected seven unique mutations of
PLP1 (68). This was confirmed with in-depth genomic analysis
on mRNA, but not in the genomic DNA, highlighting how
results from integrative approaches can strengthen the discovery
of specific and precise pathogenic mechanisms in MS.

Myeloid cells from active lesions, NAWM and WM in
progressive MS (PMS) were analyzed using single-cell mass
cytometry and found lower abundance of microglial homeostatic
proteins in active lesions (P2Y12, TMEM119, CXC3R1, GPR56)
(79). The myeloid cells in the active lesions were highly
phagocytotic and activated indicated by upregulation of CD45,
HLADR, CD44, CD114, CD11c, CD68, MS4A4A, CCR2, CD64,
CD32, AXL, NFAT1, CD95, Clec7a, CD47, MIP-1b (CCL4) OPN
(SPP1) (Figure 4). However, infiltrating myeloid cells were scarce
in active lesions in PMS. Additionally, the TNFhi microglia
population was reduced in active lesions compared to NAWM.

3.2.2 Two Proteins Important in Remyelination?
Unsupervised clustering of proteomics data led to discovery of
cortical lesions, which were not detectable by routine histology
(77). They identified tymosin beta-4 mainly expressed in
macrophages and activated microglia at the rim of chronic
active WM lesions and in the GM (Figure 6). Tymosin beta-4
is involved in neurite extension and plays a role in restoring and
remodeling neurons and in remyelination.

Another study found upregulation of the receptor tyrosine
kinase Ephrin3 in the MS lesions. Tissue extracts from MS
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lesions inhibited OPC, while antibody-mediated masking of
EphrinB3 epitopes promoted it (76) (Figure 5). These
proteomics studies suggest that EphrinB3 and tymosin beta-4
may be potential targets to promote remyelination.

3.2.3 Coagulation and Hemoglobin b
Proteomics of microdissected active, chronic active and inactive
lesions showed that chronic active lesions displayed the highest
number of uniquely dysregulated proteins, and proteins of
unknown function made up more than half of the unique
proteins (71). This was supported by an independent study in
2011 (73). Five proteins involved in coagulation were unique to
chronic active lesions (tissue factor, PCI, thromobospondin,
fibronectin, vitronectin) (71) (Figure 6). Coagulation factors in
the CNS interfere with synaptic homeostasis and neuronal
networks, and act pleiotropic on different receptors of both
resident and circulating cells as well as the extracellular matrix (80).

Another study found dysregulated proteins associated with
extracellular matrix, oxidative stress and myelin sheath (73).
There was decreased abundance of MAG (oligodendrocytes) and
contactin-1 (neurons), while increase in GFAP (astrocytes) in the
chronic active lesions in a milieu with abundant anti-oxidant
PRX6 and metabolic processes (alfa-enolase).

Proteome studies with co-immunoprecipitation have
discovered that hemoglobin b may play a role in neuronal
energetics by interacting with histones in the nucleus and by
binding to proteins in mitochondria (74, 75) (Figure 7).

3.2.4 Post-Translational Protein Modifications –

A Missing Link
Studies on post-translational modifications will be the next layer
of valuable information. Recently, a comprehensive analysis of
citrullinated peptides in WM and GM of MS patients identified
novel citrullinated sites of MBP, GFAP and vimentin, but their
functional role remains unknown (78).
4 DISCUSSION

Omics studiesofMSbrain tissue in the last four decades supportMS
as a global brain disease with inflammation, iron-disturbances,
cellular-stress and hypoxia. However, some regions are more
affected than others and the biggest transcriptional changes were
detected in the corpus callosum and the optic chiasm (51). While
microglia seem to lose the regional specificity in MS, there are
similarities between MS microglia phenotypes and the microglia
phenotypes during de- and remyelination in the cuprizone model,
which also affects mainly the corpus callosum (57, 81). The most
affected cell type seems to be oligodendrocyte (30, 34, 51, 56). This
may not be surprising as the disease is characterized by
demyelination. However, there is a bias towards a higher number
of studies investigating the WM than GM. Considering the altered
genes, the cell typemay bemore important than the tissue location,
although the local environment, architecture and milieu may
continuously drive the cell types into different phenotypic and
functional subsets to adapt to the local surroundings.
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Molecular components of TGFb signaling and CREB
signaling are altered in addition to multiple changes in
semaphorin-, heat shock-, myelin-, APO- and especially
multiple types of HLA-transcripts/proteins. Key differentially
expressed molecules found multiple times independent of
lesion stage are related to inflammatory responses (CD163,
OPN, GPNMB, MIP-a/b), lipid metabolism (SCD, LPL,
SOD1) cell trafficking (MMP2, CXCL12, VEGFA), but there
has been bias in the selection of the examined tissue/cell types.

4.1 Oligodendrocytes
Even in the NAWM, oligodendrocytes have a different molecular
profile similar to a survival mode against virtual hypoxia. They
upregulate the hypoxia induced HIFa-signaling pathway and the
STAT6-signaling pathway, which is associated with anti-
inflammatory IL-4 and IL-13 receptor expression (21, 26, 46).
The STAT6-signaling seems to be even more increased in
oligodendrocytes in all lesion types (34, 48). However, there is
a heterogeneity of oligodendrocyte subtypes between different
lesion types, where even an immunological phenotype appears
(56, 58). This immunophenotypic OPC was also seen at the rim
of chronic active lesions (60).
Frontiers in Immunology | www.frontiersin.org 1887
Myelin proteins are altered in all studies including even the
GMmitochondrial proteome (74). Nevertheless, different studies
showed contradicting results: myelin transcripts and proteins
can be reduced in remyelinating lesions (34, 48), while others
found them upregulated (30, 76). This could be due to the
different stages of remyelinating and remodeling processes
captured by omics studies as static snapshots. Understanding
the molecular mechanisms in remyelinating lesion using omics
may be complicated, as non-coding RNAs dominate and no
known predefined pathways have been found (34, 48), but for
OPC differentiation FGF1-signaling through astrocytes,
EphrinB3 and thymosin beta-4 may be important (30, 76, 82).
Mapping the genetic programs of OPC and oligodendrocyte
development/polarization in MS may help to unlock and even
direct the remyelination process.

4.2 Microglia
Microglia play a role during all stages of lesion evolution in both
the GM and WM. Even far from lesions, there are highly
activated distinct microglia subtypes (26, 48, 50). This suggests
an early activation of their local function, most probably cleanup,
which may have been catalyzed by low level of chemokines and
FIGURE 8 | Signature of microglia subtypes in the WM of MS brain based on transcriptome and proteome studies. Different profiles of microglia in WM tissue of MS
have been identified. The NAWM microglia subtype in the figure was created by compiling data from several articles, and therefore molecules may not be expressed
at the same time. Created with BioRender.com.
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TABLE 3 | An overview of the studies (n=11) that examined the proteome profile in human MS brain tissue.

Authors Patients Quality
(PMD)

Methodology Key findings

Newcombe
et al. (70)

- 3 WM lesions and adjacent NAWM from 3 blocks of 1 MS
patient
- 3 blocks of control CM from 2 controls

PMD:
8-15h

LC-MS/MS (MALDI-
ToF) with reduction of
abundant cytoskeletal
proteins

- Cluster analysis based on 109 proteins showed three
clusters: WM, NAWM and lesion.
- WM samples or lesion samples could cluster with
NAWM, but MS
lesion and WM samples did not cluster together

Han et al.
(71)

- 2 Active, 2 chronic active and 2 chronic lesions of fresh-
frozen from 6 MS patients
- Normal WM from 2 controls

PMD:
4-24h

LCM, LC-MS/MS (ESI) - Number of unique proteins in the major lesion types:
158 for active, 416 for chronic active and 236 for
chronic lesions.
- Revealed 5 proteins involved in coagulation unique for
chronic active lesions: tissue factor, PCI,
thrombospondin, fibronectin and vitronectin.

Fissolo et al.
(72)

- 8 samples from 8 MS patients PMD:
8-38h

LC-MS/MS (ESI) with
antibodies against
HLAs

- Identified processed peptides presented on MHC I
and II molecules from MS brains as self-antigens of
diverse MBP peptides as well as GFAP, NFL, APOD,
APOE, ferritin, transferrin
- By characterizing the MHC ligandome of MS brain
tissue, they identified 118 amino acid sequences from
self-proteins from MHC I and 191 from MHC II
molecules.

Ly et al. (73) - 12 chronic active lesions, 8 chronic periplaque WM
(PPWM), 12 late reyelinating lesions (LRM), 11 LRM PPWM
from 3 MS patients (areas within same category were pooled
within patient samples)
- 6 WM areas from 4 controls

PMD:
8-58h

LCM, LC-MS/MS (ESI)
with iTRAQ
labelling

- Myelin-associated glycoprotein was significantly
downregulated in chronic demyelinated lesions
compared to late remyelinated lesions, NAWM and WM.
- The number of protein identifications obtained from
chronic lesions was significantly higher than in all other
lesional/NAWM areas.
- Contactin was downregulated in the NAWM
surrounding chronic lesions compared to WM.
- GFAP was upregulated in chronic lesions compared to
NAWM and DWM.
- HAPLN2 was downregulated in late remyelinated
lesions and
NAWM vs WM. - Upregulation of PRX-6 in chronic
lesions vs chronic NAWM.

Broadwater
et al. (74)

- parietal, Brodmann areas 1-3, frontal cortex and
Brodmann area from 8 MS brains and 8 control brains

PMD:
3-30h

LC-MS/MS (SELDI-
ToF)

- 4 proteins differentially expressed: COX5b, brain
specific creatine
kinase, hemoglobin-b-chain and MBP.

Brown et al.
(75)

- 5 postmortem cortical MS tissue
- 5 cortical areas from control brains

PMD:
3-23h

LC-MS/MS (ESI) - 15 proteins including hemoglobin b subunit (Hbb) were
identified.
- Hbb was enriched in pyramidal neurons in internal
layers of the cortex, and interacted with subunits of ATP
synthase, histones, and a histone lysine demethylase.

Syed et al.
(76)

- 3 chronic active, 3 active lesions, 2 peri-lesional WM and 1
NAWM from MS

PMD:
7-22h

LCM, LC-MS/MS (ESI) - Ephrin3, an oligodendrocyte differentiation inhibitor,
was expressed
in demyelinated WM lesions.

Maccarrone
et al. (77)

Discovery cohort:
- NAWM, NAGM, and lesions with different extent of
remyelination from 1 SPMS Validation cohort:
- 12 PMS blocks

PMD:
8-24h

MALDI-IMS
LC-MS/MS (ESI)

- Lesions with low remyelination had compounds of
molecular weights smaller than 5300 Da, whereas
completely remyelination had molecular weights of more
than 15200 Da.
- Tymosin beta-4 was highly expressed in demyelinated
lesion rim.

Qendro
et al. (68)

- brain lesions of 2 acute MS patients PMD:
4-24h

LC-MS/MS (ESI)
Peptide microarray
Exom sequencing

- Mutated forms of proteolipid protein 1 (PLP1).

Faigle et al.
(78)

- GM samples from 6 controls and 6 MS cases, WM
samples from 3 controls and 9 MS cases.

PMD:
5-22h

LC-MS/MS (ESI) - Identification of novel citrullinated peptides and already
described citrullinated proteins: MBP, GFAP, and
vimentin.
- Modified proteins in MS WM was higher than control
tissue and increased citrullination in WM compared to
GM.

Böttcher
et al. (79)

10 WM lesions and 10 NAWM from PMS
8 WM from controls

PMD:
4:21-
10:20h

Single-cell mass
cytometry with CyTOF
of isolated microglia

- decreased abundance of homeostatic microglial
markers, while increased expression of APC-,
phagocytosis-, inflammatory- and apoptosis-related
markers in active lesions.
- TNFhi microglial cluster was higher in NAWM
compared to active
lesion
- monocyte-derived macrophages were scarce in active
lesions
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cytokines detected throughout the brain. In active lesions, the
microglia profile is highly activated, and seems to be the
dominated by signal transduction (CD45), immunomodulation
(OPN, CD11), antigen-presentation (HLADR) and phagocytotic
properties (AXL, CD68, CD163) (79). TheMSmicroglia expressing
APOE and MAFB were divided into three subgroups: a protective
profile of inflammation-induced neurodegeneration, an antigen-
presenting phenotype and an inflammatory lipid-processing
phenotype (57). However, there was a decrease in the TNFhigh

microglia subgroup in active lesion compared to NAWM (79). In
the rimof the chronic active lesions,microgliamayhave adamaging
vs repairing functional phenotype, andbymapping the interactome,
microglia strongly interacted with immune cells with involvement
of the C1q providing evidence for a lymphocyte-glia axis of lesion
progression (60).

4.3 Astrocytes
Being the most abundant cells in the CNS, astrocytes also have
altered phenotypes in MS with spatial molecular differences (58).
Astrocytes have multiple key functions depending on the
surrounding cells and tissue architecture (83). In the NAWM,
astrocytes express transcripts associated with iron homeostasis,
oxidative stress and immune-related genes (32). GFAP is also
increased in remyelinating WM lesions (30, 55). In the GM,
astrocytes upregulate the NRF2 and its anti-oxidant target
molecules, implying a reparatory and neuroprotective effect (31).
However, a pathogenic pro-inflammatory subtype of astrocytes has
also been detected and is characterized by reduced expression of
NRF2 and increased expression ofMAFG/MAT2a. In the chronic
active rim, reactive and inflamed astrocytes (AIMS) were detected
expressing C3 and an A1-proinflammatory profile and in close
interactionwith the inflammatorymicroglia (60). This suggests that
astrocytes can polarize to very distinct activation states, which are
either damaging or beneficial in the MS pathogenesis. A detailed
description of processes towards astrocytic polarization and
functional changes are needed, as they can promote brain repair.

4.4 Neurons
Neuronal pathology and axonal injury are hallmarks of MS and
major contributors to progression and permanent disability.
Neurons in the NAWM have altered expression of genes
involved in axonal and synaptic guidance as well as the CREB-
mediated neuroprotective signaling pathway (42). NFL and a-
synuclein as autoantigens also suggest direct immune attack
against neurons (72).

In the GM tissue, TNF signaling seem to play a crucial role,
where released TNF binds to TNFR1 on neurons and
oligodendrocytes and activates pro-apoptotic/pro-necroptotic
pathways leading to brain atrophy (36, 84). CUX2-expressing
neurons in the upper cortical layers are most vulnerable for cell
stress and death (58). Hemoglobin b in the MS neurons works as
an epigenetic regulator and interacts with mitochondrial
proteins, both ultimately controlling the energy metabolism (75).

4.5 The Mystery of the Chronic Active Rim
The number of chronic active lesions is increased in the progressive
phase and is associated with aggressive disease course and poor
Frontiers in Immunology | www.frontiersin.org 2089
clinical prognosis (85).However, it is unclear if the active rimpurely
expands the lesion, or it represents a cellular/molecular wall to halt
progression,or evenabattle inbetween.Moreover, data suggest that
even though chronic active lesions are histologically similar, there
may be differences on a genomic programming level. As snapshots,
omics studies cannot answer if such differences represent distinct
molecular mechanisms leading to lesion evolution or rather halting
those. Based on multiple transcriptome and proteome studies,
chronic active lesion is the most unique WM lesion type: it has
the highest number of differentially regulated genes and proteins
that may represent end-stage exhaustion, and it differs the most
from control WM on molecular levels (48, 71, 73). Some of the
unique proteins in chronic active lesions are involved in anti-
oxidation and coagulation (71, 73), while many of the transcripts
are neuronal/axonal (48). The uniqueness of chronic active lesions
has also been identified by distinct and diverse cell populations
connected through a lymphocyte-microglia-astrocyte axis thatmay
be responsible for the smoldering inflammation (60).

4.6 Unbalanced Rate of Discovery
Research vs Functional Research
Omics studies of tissue alone are very unlikely to lead to new
treatments. However, the rate for finding differentially expressed
transcripts/proteins and molecular networks is much faster than
establishing their functional roles in a specific cell and in a given
context. Thus, interpretation can end up with crude functional
annotations, and thereforemay even confuse results. Interpretation
of omics in MS is often annotated to immune cells or
immunological properties, even though molecules may have
different functions in the brain depending on cell type. Therefore,
functional experiments can enhance the interpretation of omics
findings in the context of CNS.

4.7 Limitations, Considerations, and
Recommendations of Multi-Omics
At least four main problems need to be solved: (i) sample size
and quality, (ii) the “snapshot” characteristics of omics (iii)
analytic obstacles, integration and gaps of data, (iv)
relationship between clinical/pathological classification and
tissue systems biology (endophenotypes).

4.7.1 Quality
Sample size is often low due to high experimental cost, the need
of specific laboratory equipment, and limited access to human
MS brain tissue. Most studies conducted on brain tissue include a
restricted number of patients, and overlapping these studies is
also complicated due to inter-individual and inter-study
variations. Additionally, availability of tissue from the early
timeframe of the disease course or from the transition to
progression is largely missing. Autopsy brain tissues often
represent advanced stages of disease from older patients, while
biopsy brain tissue is very limited, taken from specific sites and
most often from patients with atypical MS. The postmortem
delay of tissue varies considerably even within the same study
(Tables 2, 3). In transcriptomic studies, the RNA integrity
number (RIN) value is often not mentioned, but the threshold
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for integrity also depends on which downstream approach is
used (Tables 2, 3). Qualities and quantities also differ, where
most identified proteins are the highly abundant (86, 87), and
low abundant proteins, likely to be involved in the distinct
specific processes, remain to be discovered. Consequently, to
find the true pathological signatures, reproducible and robust
results are needed generated by well-designed studies including
sample size power calculation, standardization of experimental
as well as computational pipelines and independent validation.
Furthermore, the high experimental costs and limited material
demand consortiums and larger studies in collaborations across
disciplines and nations using experimental and computational
consensus pipelines. This kind of international network of MS
experts have already begun as with the “Mystery Solved
Project” (88).

4.7.2 “Snapshot”
Omics provides only static snapshots of cells at different states in a
limited area: only a moment is captured of the highly dynamic
variations derived from the cell state kinetics, daily biological
rhythms and even stratification of patient populations over time.
Longitudinal studies or individual cell trajectory tools might be
helpful, but the same cell can only bemeasured once. To overcome
this, increasing the data size by learning a latent factor model
would be necessary, which encodes some unknown cell state
coupled with the cell type for deconvolution. This leads to
another problem, where the rapidly produced comprehensive
omics data challenge the current computational methods and
tools for integrative analyses.

4.7.3 Analytic Obstacles, Integration and
Gaps of Data
There is a danger that too much trust is given to the output data
without comprehending, how those data were obtained.
Especially, there is no criteria for the sample size, the quality
and standardized computational pipelines. Difficulties in
combining different datasets have also been emphasized by a
comparison of proteome, mRNA and protein abundance profiles
of oligodendrocytes and myelin (89). The challenges to develop
true robust integrative methods include different modalities,
batch effects between experiments, low sequencing depth and
high-modality interactions.

Furthermore, directly translate changes in the transcriptome to
the dysregulated proteome is improper due to posttranscriptional
regulations and spatial and temporal differences in the production
of RNA and proteins. On top of that, protein function and turnover
are intensely regulated by posttranslational modifications.
Phosphorylation and cysteine modifications regulate protein
activity; glycosylation affects protein-protein interactions; and
ubiquitination affects protein localization and turnover. Activity
of a protein, and its abundance in a cell cannot be deduced with
certainty from the level of the corresponding mRNA.

Another challenge is to clarify, how single features are
associated through multiple interactions across distinct systems
and networks, and how to validate them in simplified “artificial”
functional assays and models. Functional follow-up studies of the
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discovered networks and molecules in the right context are
required to obtain specific functional annotations as discussed
in 4.6. A potential approach to gain full mechanistic insight will
require coordinated sets of molecular and cellular multilayer
omics data obtained at multiple time points and collected from
disease-relevant tissues representing different stages of damage
or repair. Additionally, combination of different omics in
different human compartments, and combination of omics in
the human disease with animal models may help to assess the
biological significance (55, 81). However, such combination of
omics techniques needs high-level integration. Combination of
data-driven and knowledge-driven models into integrative
models may define, whether the altered pathways are related to
cause or effect. Here, in situ RNAseq will also help in elucidating
these aspects of cell-cell interaction without the need of artificial
in silico and in vitro modeling.

With the rapid acquirement of data, the concept to
understand the heterogeneity of MS may change, starting from
the causative molecular signature rather than the clinical
phenotype (90). The classic approach (analytical forward
approach) (Figure 9) applies omics of a patient group with a
particular phenotype and determines, which variants these
people have in common. In contrast, analyses may also start
from large omics datasets by examination what human variants
have in common in a clinical setting and connect it to
endophenotypes (biological reverse approach) (Figure 9).
Applying this latter strategy for understanding the mechanism
behind MS phenotypes, the interaction of functional subsets of
single cells and their unique intracellular systems should be
analyzed, where macromolecules and key hubs interact with
each other in networks. The observed heterogeneity of cell
subtypes (endophenotypes) in individual MS lesions may be
responsible for the evolution of different lesion types, and the
heterogenous composition of these lesion types may contribute
to changes in specific brain networks that are ultimately
responsible for the clinical heterogeneity (Figure 9). However,
here the snapshot problem will also still be an obstacle.

4.7.4 Clinical/Pathological Classification vs Tissue
Systems Biology
Finally, MS disease classification is only based on clinical
phenotypes and not endophenotypes. Differential signatures in
the CSF may reflect the presence of particular lesion types in the
brain but also highlight the heterogeneity of lesion/pathogenesis
subtypes (endophenotypes) in phenotypically similar patient
groups. However, such heterogeneity may also arise from the
timepoint of sampling. Avoiding this, repeated analyses of
samples with large sample size are needed. While solving the
“snap-shot problem”, and also adding the endophenotypic
signatures for the patients may specify the pathological events,
and thereby use more targeted therapies. A recent study found
strong association between severe cortical pathology and a
distinctive CSF inflammatory profile (91). Additionally, using
positron-emission tomography (PET), potential future targets
for biomarkers could be identified in different MS lesion types in
vivo. By combining different sources of information, such as
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omics and structural/functional neuroimaging, it may be possible
to obtain a new integrated picture of the pathophysiological
process in MS that could span from molecular alterations to
cognitive manifestations.
5 CONCLUSION

Systems biology approach on MS brain tissue may not yet have
reached as far as hoped due to tissue availability including
different tissue sampling, divergent methodologies, analytic
obstacles, gaps of data, and integration of datasets from various
sources. Therefore, despite omics studies inMS have been present
for decades, it can still be difficult to present an economical
summary. However, it clearly revealed that MS is a global brain
disease, where all resident brain cells are altered in different
degrees. It showed that MS is a more complex and heterogenous
disease on molecular level compared to the clinical classification.
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Paradoxically, this is also reflected in the difficulties of finding
validated biomarkers based on omics approaches. Defining
endophenotypes may help to disentangle the observed
heterogeneity and find common patterns and dysregulated
pathways: overcoming the snapshot problem is necessary for
such functional interpretations.

Some of the consistent and/or key findings achieved by the
systems biology investigations are inflammation within the brain
of progressive MS, high levels and multiple types of HLA
expression, high neuronal changes in both WM and GM,
where TNF signaling is important and that CUX-2-expressing
neurons are the most vulnerable; marked oligodendrocyte
heterogeneity in the different WM lesion types; pathological/
molecular changes in microglia within the NAWM before lesion
evolution and distinct functional subgroups during lesion
evolution; different astrocyte and microglia polarizations even
in slowly expanding lesion rim; and high expression of CXCL12,
SCD, STAT6, CD163 and TGFbR2 in all types of WM lesions.
FIGURE 9 | Decoding the heterogeneity of MS with a reverse genetics approach. Analytical forward approach (blue arrows): The heterogeneity of the MS population
is reflected by the heterogeneous course of MS and treatment responses. The hallmark of MS, WM brain lesions look similar on conventional MRI scans, but their
histopathology is very different: characterized as active, inactive, chronic active and remyelinating/repairing lesions. This heterogeneity is most likely caused by the
different cell types present in the lesions that is controlled by the heterogeneity of different networks and pathways activated within the cells and determined by some
major hubs and molecular signatures. Biological hypothesis, reverse approach (red arrows): To decode this complexity, a reversed biological approach can be an
alternative strategy. It can start from genetic regulation and molecular changes within individual cells that contribute to their fate. This will determine the evolution of
lesions, and such complexity of lesion types will determine the individual MS brain and clinical outcomes. MS fate thus ultimately may depend on the interaction of
singular cells.
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The main power of systems biology is the comprehensive and
unbiased approach at a time when out-of-the-box hypotheses for
the disease course and progression are needed. Omics-driven data
in MS are exponentially growing and if solutions to the major
limitations (e.g. sample size, snap-shot problem) are solved, novel
hypothesis-driven data can emerge. Applying innovative
integrative methods to tissue and single-cell multi-omics
combined with extensive interdisciplinary and international
collaboration is a logical step forward. This will help give
direction for functional experiments and in-depth molecular
biological studies.
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Ali Manouchehrinia1*, Jesse Huang1, Jan Hillert 1, Lars Alfredsson1, Tomas Olsson1,
Ingrid Kockum1 and Cris S. Constantinescu2,3

1 Centre for Molecular Medicine, Karolinska Institutet, Stockholm, Sweden, 2 Department of Neurology, Cooper Neurological
Institute, Camden, NJ, United States, 3 Section of Clinical Neurology, Academic Division of Mental Health and Clinical
Neuroscience, University of Nottingham, Nottingham, United Kingdom

Tobacco smoke is an important modifiable environmental risk factor for multiple sclerosis
(MS) risk. The population attributable fraction (AF) of MS due to smoking can be used to
assess the contribution of smoking to the risk of MS development. We conducted a
matched case-control study, including individuals with MS and population-based
controls. Overall, sex- and genetic risk score-stratified AF due to smoking were
calculated by fitting logistic regression models. We included 9,419 individuals with MS
and 9,419 population-based matched controls. At the time of MS onset 44.1% of persons
with MS and 35.9% of controls ever regularly smoked of which 38.1% and 29.2% were
still smoking. The overall AF was 13.1% (95%CI: 10.7 to 15.4). The AF was 10.6% (95%
CI: 7.4 to 13.7) in females and 19.1% (95%CI: 13.1 to 25.1) in males. The AF was 0.6%
(95%CI: 0.0 to 2) in ex-smokers. In those having human leucocyte antigen (HLA) and non-
HLA risk scores above the median levels of controls, the AF was 11.4% (95%CI: 6.8 to
15.9) and 12% (95%CI: 7.7 to 16.3), respectively. The AF was 17.6% (95%CI: 10.2 to
24.9) and 18.6% (95%CI: 5.5 to 31.6) in those with HLA and non-HLA risk scores below
the median levels in controls, respectively. We noticed a decline in AF in recent birth
cohorts. This study indicates that at least 13% of cases of MS could be prevented through
the avoidance of tobacco smoking. Considering the prevalence of MS, this represents a
very large group of people in absolute number.

Keywords: multiple sclerosis, attributable fraction, risk factor, tobacco, smoking
INTRODUCTION

Multiple sclerosis (MS) is the result of a complex interplay between genetic and environmental risk
factors. Prevention of MS is becoming a reasonable aspiration, but it depends on the extent risk
factors can be modified or mitigated. Cigarette smoking remains the most important single cause of
preventable mortality and morbidity in the world. Exposure to cigarette smoke is also an important
modifiable environmental risk factor for MS development and its clinical course (1–4), with
epidemiological studies reporting a 50% higher risk of MS development in ever-smokers compared
to never-smokers. (5)

The population attributable fraction (AF) of disease due to exposure, or the proportion of the
disease in a population attributable to smoking, can be used to assess the contribution of smoking to
org March 2022 | Volume 13 | Article 840158195
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the risk of disease development. Estimating the AF could be a
strong incentive to prevent disease by measuring the population
burden associated with a given exposure. For example, the AF for
smoking in people with lung cancer is 85% (6), indicating that a
substantial number of lung cancers would not have occurred and
relatively less lives would be lost if people did not smoke.

For smoking-associated diseases such as MS, the smoking AF
increases with a higher prevalence of smoking in the population.
Estimating the AF of MS due to smoking would determine the
proportion of MS that could be avoided if people did not smoke.
In this study, we estimated the AF due to smoking of MS in the
Swedish population.
METHOD

Data Source
Our study population included individuals with MS and
population-based controls participating in two large Swedish
cohorts, the Epidemiological Investigation of Multiple Sclerosis
(EIMS) and the Genes and Environment in Multiple Sclerosis
(GEMS). (7) In the EIMS study, individuals with newly
diagnosed MS (fulfilling the McDonald criteria), aged between
16 and 70 years, were identified at neurology clinics throughout
Sweden and invited to participate in the study by completing a
questionnaire and donating a blood sample. (8) The GEMS study
includes prevalent cases of MS fulfilling the McDonald criteria
who were identified from the Swedish National MS registry. (9)
There were no overlap of cases between EIMS and GEMS.
Controls were randomly selected from the national population
register matched for age (equivalent of age at the diagnosis in
cases), gender, and residential area at the time of the disease
diagnosis. In both studies, information on exposure to tobacco
smoking was obtained by asking about current and previous
smoking habits. We defined “smokers” as those who have ever
smoked cigarettes regularly before MS onset or the equivalent
age in controls.

Adjustment for Genetic Risk Score
For a subset with available genetic data, the weighted human
leucocyte antigen (HLA) specific and non-HLA genetic risk scores
were calculated. Individuals were genotyped using an Illumina
custom array (>90,000 SNPs), which focuses on MS genetic risk
loci, particularly the HLA region on chromosome 6. (10) Standard
marker and individual quality controls were performed using
PLINK, and population outliers were identified using
SmartPCA. After quality control and exclusion of outliers,
classical HLA allele variants were imputed using HLAIMP*03.
(10) Each individual’s genetic susceptibility to MS was determined
using a polygenic risk score (GRS) defined by the sum of all risk
alleles carried (0, 1, and 2). Total risk and separated scores for
HLA allele variants and non-HLA SNPs were calculated using
established risk factors from previous interaction and genome-
wide association studies. (10, 11) Scores were also weighted by
their effect size controlled for population stratification and possible
confounding genetic factors.
Frontiers in Immunology | www.frontiersin.org 296
Statistical Analysis
For the calculation of AF, we used the method suggested by
Dahlqwist et al. (12) In short, the method calculates confounder
adjusted AF estimates for case-control study design. For each
case of MS we identified one exact calendar year of birth and sex
matched control while adjusting all the models for calendar year
of birth in five groups. This was mainly done to account for
changes in the prevalence of smoking in the Swedish general
population over the years. Overall and sex stratified AF were
calculated in the first instant. We also calculated AF stratified by
HLA and non-HLA genetic burden. The genetic risk scores were
dichotomized by the median score of the population-based
controls. In a subset of individuals with information on HLA
DRB1*15:01, we calculated smoking AF due to interaction
(carriage of HLA DRB1*15:01 and being a smoker).
RESULTS

We included 9,419 individuals with MS and 9,419 population-
based exact calendar year of birth and sex matched controls. 28%
of the population were male with mean (standard deviation, SD)
calendar year of birth of 1960 ( ± 14). 44.1% of persons with MS
and 35.9% of controls had ever-smoked prior to onset or index
age respectively. At the time of MS onset (and equivalent time in
controls) 38.1% of cases and 29.2% of controls were still smoking
(current smokers). The mean number of pack-years cigarette
smoked was significantly higher in cases compared to controls
[4.2 ( ± 7.2) vs. 3.2 ( ± 6.7), P < 0.001]. Cases smoked on average
5.7 ( ± 7.5) cigarettes per day for the duration of 6.2 ( ± 9.1) years.
The average number of cigarettes smoked was 4.4 ( ± 6.9) for the
duration of 4.9 ( ± 8.6) years in controls. The HLA and non-HLA
genetic risk scores were available in 5,916 controls and 6,885
persons with MS (Figure 2). The risk of MS in ever-smokers was
increased by 41% (95% confidence intervals (CI): 1.33 to 1.50)
compared to never smokers.

The overall AF was 13.1% (95%CI: 10.7 to 15.4). The AF was
10.6% (95%CI: 7.4 to 13.7) in females and 19.1% (95%CI: 13.1 to
25.1) in males. The AF was less than 1% (AF: 0.6%, 95%CI: 0 to
2) in ex-smokers indicating beneficial effects of smoking
cessation. Figure 1 illustrates the AF over five-year birth-
cohort strata along with percentage of smokers amongst cases
in each birth-cohort. When investigating the impact of smoking
intensity, we observed that the AF was 9.3% (95%CI: 7.1 to 11.5)
in those smokers with pack-years smoked above the median and
7.1% (95%CI: 4.9 to 9.3) in those who smoked below the median
smoking intensity.

In those having HLA and non-HLA risk scores above the
median levels of controls, the AF was 11.4% (95%CI: 6.8 to 15.9)
and 12% (95%CI: 7.7 to 16.3), respectively. The AF was 17.6%
(95%CI: 10.2 to 24.9) and 18.6% (95%CI: 5.5 to 31.6) in those
with HLA and non-HLA risk scores below the median levels in
controls, respectively. The stratified AF estimates are
summarized in Figure 2. Results of interaction analysis
between HLA DRB1*15:01 and smoking revealed that
approximately half of the AF due to smoking is independent of
March 2022 | Volume 13 | Article 840158

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Manouchehrinia et al. Smoking Attributable Risk in MS
HLA DRB1*15:01 status (6.8%, 95%CI: 5.5 to 7.9) while the AF
due to HLA independent of smoking was 23% (95%CI: 22.1 to
23.8). The risk (OR) associated with both DRB1*15:01 carriage
and smoking was 4.9 (95%CI: 4.4 to 5.4) compared to 3.4 (95%
CI: 3.1 to 3.8) and 1.5 (95%CI: 1.4 to1.7) for only DRB1*15:01
carriage and smoking, respectively. AF in MS cases due to having
both exposures was 20% (95%CI: 19.4 to 20.5).
Frontiers in Immunology | www.frontiersin.org 397
CONCLUSION

There is strong evidence for a link between tobacco smoking and
the risk of MS, and data support the concept that this link is most
likely causal. (13) Based on this concept, this study indicates that at
least 13% of cases ofMS could be prevented through the avoidance
of tobacco smoking. Considering the prevalence of the disease, this
FIGURE 1 | Proportion of persons with MS who have ever regularly smoked and the corresponding smoking attributable fraction (AF) over calendar year of birth by
five-year birth-cohort.
FIGURE 2 | The overall and stratified smoking attributable fraction (95% confidence intervals) for risk of MS. HLA and non-HLA risk scores are categorized to below
and above the median score in the population-based controls. HLA, human leucocyte antigen.
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represents a very large group of people in absolute numbers who
would never develop MS. We believe that, from a global
perspective, these numbers may represent an underestimate. The
study was based on a well-characterized sample of Swedish
population. In Sweden, the prevalence of MS is high, and the
prevalence of smoking is low. (14) As the AF increases with the
prevalence of smoking, we believe that the AF in a country with a
high prevalence of smoking could be considerably higher.

Our previous estimates of smoking AF in MS was 20%
(active or passive) which was further increased to 41% in
subjects who had carriage of HLA-DRB1*15 and absence of
HLA-A*02. (15) This study includes a much greater number of
cases and controls compared to our previous study. We also
used polygenic risk scores and specific risk alleles (HLA
DRB1*15:01) which provide additional information with
regard to the interaction between smoking and MS genetics.
We previously estimated that about 5% of the MS cases could be
attributed to passive smoking. (15) Passive smoking (for
example, exposure to parental smoking in childhood) has not
been included in the present analysis. However, we could
confirm that smoking cessation and to lesser extent reducing
smoking intensity could be potentially beneficial in reducing
the impact of smoking in MS. We also observed a decline in
smoking AF in a more contemporary cohorts of MS as the
smoking prevalence declines in the general population. Given that
themajority of environmental risk factors forMS tend to exert their
most powerful effect in childhood and adolescent years and that
parental smoking is a risk factor for MS, it is possible that a further
fraction of MS could be prevented in the offspring of smokers.
Although anAF ofMS due to passive smoking cannot be calculated
in the current study, this consideration reiterates the possibility that
the 13% of MS attributable to smoking is underestimated.

Smoking remains a major modifiable risk factor for many
morbidities, including MS. The association of smoking with a
worsened outcome in multiple conditions, including MS, (16)
has incentivized smoking cessation. In this regard, several
smoking cessation campaigns have been effective in reducing
smoking in the population, encouraging cessation. (17) If a
smoking avoidance campaign has similar rates of success, an
important proportion may avoid MS.

Our previous studies addressed the interaction between MS
risk factors such as smoking, HLA DRB1*15:01, obesity, sun
exposure, and EBV seropositivity. The interaction of HLA
DRB1*15:01 with smoking increased the combined AF for MS.
Here, we used a combined genetic risk scores which does not take
only HLA DRB1*15:01 into account, and find a slightly less
multiplicative increase when population was stratified by their
MS genetic susceptibility. We consider a smoking AF of 13% an
accurate overall estimate, but are aware that the interaction of
smoking with other risk factors is complex. For example,
smoking has complex, stimulatory effects on the immune
system (4) and can enhance inflammatory contributors such as
EBV and counteract protective factors such as sun exposure.
Smoking has also shown to be associated with the worsening of
disability in MS (1) and smoking cessation to be beneficial (2,
18). To date, no study has investigated the smoking AF with
Frontiers in Immunology | www.frontiersin.org 498
regard to disability accumulation in MS. Such study could be
highly valuable in informing persons with MS and healthcare
providers about benefits of smoking cessation.

Our AF for smoking in MS of 10% to 15% is lower than for
other conditions, including lung cancer. (6) However, this
proportion, as well as absolute numbers behind it, is
nevertheless substantial. Taking the conservative AF of 13%, a
minimum 364,000 of the 2.8 million MS cases worldwide could
potentially have been prevented. Considering that fear of long-
term disability associated with neurological disease is for many
people more prominent than fear of cancer, (19) MS is probably
a strong deterrent to smoking initiation. Avoidance and
prevention-focused educational campaigns may be more
successful than cessation campaigns.

This, and the fact that smoking preventability is more
achievable than prevention of other risk factors such as EBV
infection or its consequence, infectious mononucleosis, qualifies
smoking prevention as a key strategy in preventing MS.

In addition, many more MS cases, even if unpreventable,
would be likely to have a milder course, given the contribution of
smoking to disease severity and progression.

In conclusion, integrated efforts need to be aimed not only at
smoking cessation but crucially also at smoking prevention. The
former will make relapses and disability progression in MS in
part preventable, while the latter will make a substantial
proportion of MS a preventable disease.
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Following the extraordinary progress in the treatment of multiple sclerosis (MS), twomajor

unmet needs remain: understanding the etiology of the disease and, hence, designing

definitive cures (this perspective is neither at hand, nor it can be taken for granted that the

etiologic targets will be readily treatable); the prevention of an overt and disabling disease,

which seems to be a more realistic and pragmatic perspective, as the integration of

genetic data with endophenotypes, MRI, and other biomarkers ameliorates our ability to

identify early neuroinflammation. Radiologically isolated syndrome (RIS; diagnosed when

the unanticipated MRI finding of brain spatial dissemination of focal white matter lesions

highly suggestive of MS occurs in subjects without symptoms of MS, and with normal

neurological examinations) and the recently focused “prodromal MS” are conditions at

risk of conversion toward overt disease. Here, we explore the possibility of secondary

prevention approaches in these early stages of neuroinflammation. RIS and prodromal

MS are rare conditions, which suggest the importance of Study Groups and Disease

Registry to implement informative clinical trials. We summarize ongoing preventive

approaches in the early stages of the demyelinating process, especially in RIS conditions.

Moreover, we highlight the importance of the biomarkers and the predictors of evolution

to overt disease, which may be useful to select the individuals at risk of conversion to

clinically isolated syndrome (CIS) and/or clinically definite MS. Finally, we illustrate the

importance of the endophenotypes to test the frontline immunomodulatory approach for

preventive strategies. Future investigations, especially in relatives of patients, based on

MRI techniques and biological studies (better with integrated approaches) may provide

opportunities to understand the MS early causal cascade and may help to identify a

“therapeutic window” to potentially reverse early disease processes.

Keywords: clinically silent demyelination, radiologically isolated syndrome, prodromal multiple sclerosis,

endophenotype, preventive approaches clinically silent demyelination, BCG—Bacille Calmette-Guérin vaccine,

vaccine, preventive approach
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INTRODUCTION

The occurrence of incidental brain white matter lesions
suggestive of multiple sclerosis (MS) in subjects who did not
have symptoms or signs of MS during their lifetime is well-
documented, as it was described several decades ago in several
postmortem studies. The widespread use of MRI, as the standard
in vivo study of central nervous system (CNS) demyelination,
has greatly increased the detection of the asymptomatic brain
and spinal cord abnormalities of uncertain clinical significance.
In 2009, Okuda et al. neologized formally this entity, using the
term radiologically isolated syndrome (RIS) (1). More recently,
the concept of prodrome (an early set of signs, symptoms, or
other findings that occur before the onset of the typical disease
features) has begun to be considered in MS (2), thanks to several
investigations based on population-based studies and biomarkers
of early CNS damage (refer below).

The present review will focus on these conditions potentially
leading to overt MS, to consider current attempts of secondary
prevention, in the absence of an etiologic therapy. The possible
integration of genetic data with endophenotypes, MRI data,
and other biomarkers seems to promise fruitful approaches to
the aim of counteracting the development of the overt disease.
To provide a survey on these topics, we searched PubMed
for all articles published from database inception to September
1, 2021, with no language limitations. Keywords included
clinically silent demyelination, prodromal MS, RIS, subclinical
MS, endophenotype of MS, MS prevention.

CLINICALLY SILENT DEMYELINATION

Neuropathological studies demonstrated that brain
demyelination might remain clinically silent for the whole
lifetime in a significant proportion of people (about 0.1–0.3%
of the autopsies in those studies) (1). The location of lesions
in clinically silent areas, the low degree of inflammation, or
even a particularly effective individual response to injury
(e.g., functional compensatory adaptation, neuronal plasticity,
and repair) might explain the absence of clinically relevant
signs of MS in those subjects. However, caution is needed
when interpreting these data, as it is difficult to ascertain
whether these subjects were truly asymptomatic with normal
neurological examination during their life (3). A recent study
demonstrated, for example, that 33% of patients consulting for
a first demyelinating event had prior symptoms suggestive of
central nervous system (CNS) demyelination that had gone
unnoticed (4). Moreover, the samples included in the studies
were not representative of the general population due to selection
bias toward those who were subjected to autopsy. Finally, such
figures are probably underestimated nowadays, in view of an
increasing prevalence and incidence of MS.

The advent of MRI and its development as the most
sensitive and prominent paraclinical tool for the evaluation of
morphologic brain abnormalities has modified our perspective
on the occurrence of incidental brain findings. In a large
meta-analysis (more than 15,000 subjects from 16 studies),
the prevalence of neoplastic and non-neoplastic incidental

findings on brain MRI was 2.7%, with the observed incidence
increasing with age (5). Among those, only <0.1% could
be interpreted as inflammatory–demyelinating lesions if white
matter hyperintensities of suspected cerebrovascular origin were
excluded. Similar prevalence for anMRI pattern suggestive of MS
was found in a recent study that performs a systematic revision
of the MRI scans and related clinical charts (1,907 individuals)
in a high-incidence region for MS (6). These figures are higher,
however, in asymptomatic first-degree relatives of both patients
with sporadic MS (4%) and families with members affected by
MS (10%) (7). In a recent prospective population-based study,
incidental findings on brain MRI necessitating further diagnostic
evaluation, but mostly without direct clinical consequences,
were found in over 3% of the general middle-aged and elderly
population, although no case with demyelinating lesions was
reported (8).

According to ex vivo and in vivo data, the occurrence
of silent demyelination should be, therefore, considered
uncommon in clinical practice, with a higher occurrence
in specific conditions such as family members of patients
with MS. However, it must be stressed that the growing use
of MRI has significantly increased the probability to find
asymptomatic intracranial abnormalities of potential clinical
significance, which includes silent demyelination, in current
prospective studies in comparison with previous retrospective or
neuropathological studies.

EMERGING EVIDENCE FOR A
PRODROMAL PHASE OF MS

The precise etiology of MS is not yet known, although the
evidence pertaining to different research fields indicates that
genetic and environmental factors interact with each other in
a complex manner, which eventually determines an abnormal
autoimmune response (9). In particular, the evidence that
environmental factors can play a role long before the clinical
onset of MS is well-established and suggests the existence of a
prodromal phase for the disease. The possibility of a prodrome
indicates a window of opportunity to potentially act on early
disease processes before the clinical disease becomes evident.

The concept of a prodrome is defined as the time period
between the onset of a decline in a baseline level of functioning
until criteria for disease diagnosis are met (10). The question
of whether there is a prodrome in MS has not been
extensively studied so far. Other neurodegenerative diseases,
such as Parkinson’s disease and Alzheimer’s disease, and other
inflammatory autoimmune diseases, such as rheumatoid arthritis
and inflammatory bowel disease, in which several biomarkers are
better established, have a more advanced understanding of their
prodromal phase than we currently have in MS (11). However,
the last 10 years have provided increasing evidence that also MS
may have a prodromal phase. Recently, population-based studies
have demonstrated that it is possible to objectively measure a
symptomatic prodromal period in MS, which may last 5–10
years or perhaps long before the occurrence of classical “MS
symptom onset.” In one case-control study conducted in Canada
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(12), the analysis of health administrative data linked with MS
revealed that the use of healthcare services by patients was
higher in the 5 years preceding their first clinical demyelinating
event than that of controls. In the year before the first clinical
demyelinating event, hospitalizations and physician visits were
78 and 88% higher, respectively, for people with MS than for
matched controls. Similarly, dispensed prescription medications
were 49% higher among patients who went on to develop MS.
A subsequent case-control study conducted in the UK revealed
a significantly higher number of visits to general practitioners
among patients with MS, considering a time window up to 10
years before the first MS record (13).

Regarding the clinical profile of the prodromes, an elevated
mental health burden is evident, with more visits to psychiatrists
and diagnoses of depression and anxiety. Other issues include
pain and headache, gastrointestinal complaints, bladder issues,
sleep disturbances, and cognitive problems (11). Low cognitive
performance before the onset of typical MS symptoms has been
reported in a nested case-control study in Norway in men who
entered the mandatory national military service at the age of
18–19 years (2). Moreover, fewer pregnancies and greater use
of hormonal contraceptives have also been observed in the 5-
year prodromal period, particularly in the year before MS onset,
relative to a matched population without MS (12).

However, the possibility of identifying a prodromal syndrome
exclusively on a clinical base has to be interpreted critically,
as the above observations rely mostly on symptoms that are
non-specific and common in the general population as well. To
reliably identify a prodromal phase of MS, further research is
needed that focuses on the identification of biomarkers. Indeed,
biological markers of inflammation or neurodegeneration that
indicate preexisting disease provide support to a pathogenic
process underlying the prodromal period in MS: serum levels
of neurofilament light chain (NfL) were increased up to 6 years
before MS onset in 30MS cases relative to 30 healthy controls
(14). Such biomarkers are likely to be critical to distinguish
whether or not non-specific symptoms such as fatigue represent
the prodromal phase of neurodegenerative disease.

Radiologically Isolated Syndrome as a
Rare Condition: The Importance of Study
Groups and Disease Registry
The radiologically isolated syndrome is a rare condition,
although the exact prevalence of RIS is still unknown. One large
hospital-based study in Sweden indicated a prevalence of 0.05%
(0.15% among those aged 15–40 years) among 2,105 individuals
who underwent MRI for any reason during a 1-year period
(15). A meta-analysis that includes about 16,000 individuals with
no history of neurological symptoms reported that 0.06% had
MRI findings that were suggestive of demyelination (5). It is
well-known that subjects with RIS can evolve toward relapsing-
remitting (RR) or progressive (PP) MS, as in detail reported in
the next paragraph.

The current available national and international MS databases
and registries—“big MS data”—constitute the key tools to
develop clinical research in the field of rare conditions, to

improve healthcare planning and new clinical perspectives based
on real-world data (16). By collecting longitudinal data on clinical
and MRI disease activity over time, MS registries become crucial
in the study of the natural history of patients with RIS, to
assess the risk factors associated with the conversion to clinically
definite MS, and to identify candidates for possible preventive
or therapeutic approaches. MS clinical data sharing initiative
has a longstanding tradition in Italy for over 20 years. In 2014,
the Italian MS Foundation, in collaboration with the University
of Bari, promoted the creation of the Italian MS Register (17).
Currently, it is one of the largest registers in Europe, with 118MS
centers, that provided data of 72,202 patients (about 50,000 of
them with a longitudinal follow-up >5 years) in different phases
of the disease, which include RIS subject (Figure 1).

Registries can also offer the opportunity of including
longitudinal evaluation of neuropsychological testing,
quantitative MR metrics, and biological markers in subjects
with RIS suggestive of MS. An Italian study on patients recruited
from 5MS centers highlighted that cognitive impairment of the
same profile as that of RRMS was found in 27.6% of subjects
with RIS, and comparable levels of MRI lesion loads and brain
atrophy were found in RIS and RRMS (18). In a more recent
analysis of prospectively collected data from a population-based
registry of the MS Center of Tel Aviv (19), cognitive performance
was relatively preserved in RIS subjects, although all cognitive
measurements, in particular those related to information
processing speed, were below the mean performance of age- and
education-matched healthy population. The crucial assumption
of this article was that the cognitive performance of RIS subjects
should be followed closely to identify any changes that may
indicate conversion to MS.

Predictors of Evolution in RIS
There is an ever-growing effort for improving the
characterization of RIS and identifying predictors of clinical and
radiological evolution. This is important not only to prevent
diagnosis but also to improve knowledge on prognosis and
provide guidelines for surveillance or prophylactic treatment.

The most important risk factors for an initial clinical event
have been identified by the collective effort of the Radiologically
Isolated Syndrome Consortium (RISC), which led to two main
reports related to the 5- and 10-year risk of developing a first
clinical event. Specifically, the estimated 5-year risk of developing
a first clinical event was 34% in a cohort of 451 RIS subjects (86%
women) with a mean age at RIS diagnosis of 37.2 years. The
independent predictors were male gender, young age (age ≤37
years), and the presence of MRI spinal cord lesions at baseline
(20). Fifteen patients from the same cohort evolved to primary
progressive MS (PPMS) in a median time of 3.5 years. Male
patients with older age and a higher number of spinal cord lesions
were at higher risk of PPMS evolution (21).

The cumulative probability of a first clinical event at 10 years
was 51.2% in the same cohort. The independent predictors of a
subsequent clinical event were age, the presence of cerebrospinal
fluid (CSF)-restricted oligoclonal bands (OB), MRI infratentorial
lesions, and spinal cord lesions at baseline and gadolinium-
enhancing lesions during follow-up (22). The same group
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FIGURE 1 | The figure on the right reports the increasing temporal trends of the total cohort and sub-cohorts with different follow-up duration (≥ 2.0 years: n =

47,161, ≥ 5.0 years: n = 34,488, and ≥ 10 years: n = 19,873).

recently confirmed the predictors of 10-year conversion to MS
and reported data relevant to the number of enrolled patients
needed to detect a potential treatment effect (23).

Furthermore, a study conducted in an international historical
cohort of 61 children with RIS who were followed longitudinally
for a mean of 4.2 ± 4.7 years further enforced the importance of
CSF OB whose presence increased the specificity of MRI criteria
to predict MS in children with RIS (24).

A recent study employed optical coherence tomography
(OCT), a non-invasive imaging technique that uses light waves
to take cross-section pictures of the retina, to investigate whether
it plays a role as a predictor of evolution in individuals with
RIS. A total of 36 RIS subjects were followed up for a mean
of 46 [26–58] months; the eight RIS subjects who converted to

MS showed a thinning of the peripapillary retinal nerve fiber
layer (pRNFL). Specifically, subjects with a pRNFL of 99µm or
lower were at a 7.5-fold risk for MS conversion compared to
individuals with higher pRFNL measures. The Cox proportional

hazards regression revealed a hazard ratio of 1.08 for conversion
to MS for each 1µm decline in pRNFL, which suggests that
OCT might be useful for risk stratification in RIS subjects (25).
Similar results were reported in a work showing that OCT can

be potentially useful for predicting prognosis in RIS, being OCT
measurements associated with brain volumetrics and clinical
conversion to MS (26).

Among biomarkers explored as the potential predictors of
RIS evolution, levels of CSF IL8, a marker of diffuse intrathecal
inflammation, and CSF NfL levels have shown some promising

results. A small study that includes 18 RIS subjects showed higher
CSF IL8 levels in MS converters than in non-converters (p =

0.03). Moreover, in the multivariate regression model including
known predictors such as age, gender, and the presence of
spinal cord lesions, a high level of CSF IL8 was an independent
predictor of MS conversion in RIS (p= 0.02) (27). A larger study
investigated the prognostic role of chitinase 3-like 1 (CHI3L1),
NfL, and OB for conversion to clinically isolated syndrome (CIS)
and MS in 75 RIS subjects. In contrast to CHI3L1, which did not
show any influence on clinical conversion, NfL levels and OB
were the independent risk factors for the development of CIS
and MS. Fixing the best cutoff at a CSF NfL level of 619 ng/l,
higher values were associated with a trend to shorter time to CIS
(p = 0.079) and a significantly shorter time to MS (p = 0.017),
which supports the importance of CSF analysis in individuals
with RIS (28).

The available data provide evidence that a meaningful
number of RIS subjects evolve to MS and support the need for
standardized biomarkers to identify those subjects at greatest
risk for conversion to MS who need appropriate clinical and
treatment management.

Ongoing Preventive and Therapeutic
Approaches in RIS
Following the extraordinary progress in the treatment of overt
MS, a major unmet need remains for translational research:
preventing or significantly slowing the disease onset or the
progression of the neuroinflammatory process to aim at the
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“dream” of a world free of MS. We can hope to make the dream
come true by understanding the etiology of the disease and
hence designing definitive cures. Unfortunately, this perspective
is neither at hand, nor it can be taken for granted that the etiologic
targets, once discovered, will be readily treatable. A more realistic
and pragmatic perspective may be the prevention of the clinical
onset of the disease, a research field that promises to become
increasingly important as the integration of genetic data with
endophenotypes, MRI, and other biomarkers ameliorates our
ability to act before the development of the overt disease (refer
to next paragraph).

Radiologically isolated syndrome falls within the
endophenotypes and thus offers the opportunity to try to
prevent the onset of the clinical demyelinating disorder. The
best approach to this aim remains an object of controversy. In
particular, whether or not to treat the RIS remains currently a
clinical conundrum: several recommendations and guidelines
have been published (29–31). To summarize the various
standpoints, the absence of clinical disturbances suggests caution
against interventions; on the other hand, the presence of OB in
the CSF or signals of progression at MRI (besides the above-
reported predictors of conversion to clinical disease) prompt
MS specialists to consider disease-modifying therapies (DMTs)
presently used for CIS or MS.

Three therapeutic approaches are currently registered
at ClinicalTrials.gov for RIS (whereas no trial comes out
for “prodromal MS”): NCT03122652 with teriflunomide,
NCT02739542 with dimethyl fumarate, and the recently
proposed NCT04877457 with ocrelizumab. Epidemiological data
support the view that vitamin D supplementation, prevention
of metabolic disorders, and smoking avoidance are candidate
approaches for primary and secondary prevention of MS (32).
In a recent study, which shows the prevalence of RIS and white
matter abnormalities in healthy relatives of patients with MS,
smoking was associated with the presence of multiple altered
signals in white matter and obesity with the fulfillment of RIS
pattern (33). The study, together with evidence coming from
numerous epidemiologic investigations in MS people, would
suggest preventive attempts in an early condition such as RIS.
However, rather unexpectedly, preventive approaches based on
vitamin D supplementation, reduction of metabolic pressure
by diet, and smoking avoidance are not currently tried in RIS;
rather, ongoing registered trials are largely oriented toward DMT
used in MS management (see above).

Among other approaches that may have characteristics
compatible with a preventive intervention, BCG vaccination has
been tested with encouraging results in early MS and CIS (34–
36). Italian groups proposed this approach as a sort of secondary
prevention (rather than as a treatment) against RIS progression,
also given the characteristics of the BCG vaccine, which is
safe, cheap, and handy. A phase II, double-blind, randomized,
controlled, multicenter study with two parallel groups of subjects
(one armwill be vaccinated with a single dose of BCG vaccine and
the other with placebo) is currently ongoing (NCT03888924).
The rationale includes, among the others, the fact that the BCG
vaccine may prevent the development of neuroinflammation
by antagonizing the effects of “Westernization.” This approach

could in fact somehow compensate for the deprivation of
benign exposure to microbes and the changes of lifestyle habits
that occurred over the last decades of the twentieth century
in developed countries. The “Westernization” seems to be
associated with the increased incidence of complex diseases, such
as cancer, metabolic disorders, and neurodegenerative diseases,
and immunopathological conditions, such as autoimmune and
atopic disorders (37–39). Recent evidence on the possible
preventive effects of the BCG vaccine against the development of
neurodegenerative diseases (such as Alzheimer’s and Parkinson’s
diseases, which are supposed not to be of primary inflammatory
nature; Figure 2) contribute to support this view (40–43).

INCIDENTAL MRI FINDINGS OR
SUBCLINICAL MS? THE CONTRIBUTION
OF BIOLOGICAL ENDOPHENOTYPES

Since its first description, RIS has been widely debated and the
risk of RIS evolving into MS has been investigated. According
to existing data (20, 22), several RIS subjects evolve to MS
over time, which demonstrates that RIS, at least in some cases,
represents a preclinical stage of MS (refer to the paragraph
“predictors of evolution in RIS”). The first issue related to this
lies in what still needs to be done to provide a more specific
characterization of these asymptomatic subjects and accurately
discriminate subjects who can have a subclinical form of MS. In
this context, assuming a carefully collected clinical history and a
meticulous clinical examination, the first step of the management
of these asymptomatic subjects is to consider an appropriate
differential diagnosis and assess the extent to which MRI lesions
fulfilling the RIS criteria in asymptomatic subjects may be related
to disorders other than MS. Moreover, the reason for the initial
brain MRI should always be carefully considered. Whereas, there
are subjects whose brain MRI is performed for reasons which
have no relation with CNS or MS, on many occasions, MRI is
performed due to symptoms that might be somehow related to
MS. Headache is by far the most common reason for performing
an MRI (about 50% of cases with RIS; 20), but other relatively
less frequent indications for anMRI are also seizures, paroxysmal
symptoms, anxiety, depression, and other psychiatric disorders.
Whereas, it is not possible to establish whether these conditions
are related to the MRI findings, it is also true that they might
represent unusual clinical symptoms associated with MS (refer
above: prodromal MS).

Another important contribution may come from laboratory
studies, which start to delineate biological signatures capable
of integrating MRI data to refine the condition of subclinical
neuroinflammation. The potential utility of the NfL levels was
already reported in the context of the prodromal MS and RIS
(refer above). However, this biomarker, though sensitive and
able to peripherally mirror CNS tissue damage, is not specific,
as demonstrated by studies in other CNS diseases, especially of
primary neurodegenerative nature (44).

As anticipated according to MRI data, studies in relatives
of MS patients are especially informative to identify MS
endophenotypes. A recent system biology approach on
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FIGURE 2 | This time-line highlights the evolution of the role of Bacille Calmette-Guérin (BCG) vaccine in neuroinflammatory diseases as Multiple Sclerosis (MS).

peripheral immune signatures in identical twin pairs discordant
for MS showed remarkably similar patterns; however, distinct
traits in effector CD4+ T-cells in clinically healthy twins,
with signs of prodromal MS, were comparable with those of
the overtly affected co-twins, suggesting the importance of
these immune traits in subclinical neuroinflammation (45).
On the same line, increased CSF sulfatide levels and serum
autoantibody against glycosphingolipids were reported in
healthy siblings of patients MS compared to unrelated healthy
donors (46).

Concerning the identification of endophenotypes due to
genetic risk, glutamate biology seems to contain relevant
biomarkers that pose a risk for disease development.
Associations of at-risk single nucleotide polymorphisms
(SNPs) with high glutamate concentration in CNS (47)
or with brain volume changes in MS (48) were described,
and they may contribute to clarifying the MS genetic risk
in the “target” organ. Recent development in multiomics
approaches have demonstrated alterations in easily accessible
fluids: correlating scores of genetic risk and blood analytes,
Wainberg et al. showed changes in clinically healthy individuals
that mirrored those seen in people with complex diseases,
including MS, and that represented early signs of dysfunctions
preceding the clinically overt disease (49). Considering
the infectious mononucleosis (IM) as a non-genetic risk
factor for MS, Jons et al. assayed MS-relevant CSF cyto-
or chemokines from non-MS individuals with or without
previous IM and MS people as a reference group. They
found a stepwise inflammation from IM sequelae to an
MS endophenotype in a subgroup of IM patients, which

shows CSF changes comparable to those of the MS reference
group (50).

CONCLUSION

Extreme caution is needed in classifying RIS subjects. Indeed,
it should be stressed that only when these subjects are expertly
diagnosed, the stratification of risk can be accurate, and we can
thus have sufficient information to be able to differentiate subjects
with a form of subclinicalMS at low or high risk of developing the
disease (22, 23, 29).

Even more, caution is needed to identify a prodromal
MS syndrome, which is largely based on symptoms that are
non-specific and common in the general population, and
that currently lacks objective supports to disentangle a “real”
condition preluding to MS. Future advances in MRI techniques,
biological studies, and especially integrated approaches to
identify and follow individuals at high disease risk are a
concrete hope for the identification of the initial phases of the
demyelinating process and better MS management. This kind of
investigation may provide a powerful opportunity to understand
the MS early causal cascade, and, more importantly, may help
to identify a “therapeutic window” to potentially reverse early
disease processes.
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Vitamin D insufficiency during childhood has been linked to the development of multiple

sclerosis (MS), typically an adult-onset inflammatory demyelinating disease of the central

nervous system (CNS). Since vitamin D was known to have immunoregulatory properties

on both innate and adaptive immunity, it was hypothesized that low vitamin D resulted in

aberrant immune responses and the development of MS. However, vitamin D receptors

are present on many cell types, including neurons, oligodendrocytes, astrocytes and

microglia, and vitamin D has profound effects on development and function of the CNS.

This leads to the possibility that low vitamin D may alter the CNS in a manner that makes

it vulnerable to inflammation and the development of MS. This review analysis the role of

vitamin D in the immune and nervous system, and how vitamin D insufficiency in children

may contribute to the development of MS.

Keywords: multiple sclerosis, vitamin D, neuroprotection, immune regulation, oxidative stress

INTRODUCTION

The importance of vitamin D (VitD) in health was formally recognized in 1922 when it was
determined that cod liver oil and sunlight cured rickets (1, 2). Our understanding of the role of VitD
has expanded well beyond bone health with the observation that VitD receptors (VDR) are widely
expressed on many cell types in many tissues. VitD is a fat-soluble vitamin with limited availability
in foods. Thus, the predominant source of VitD is synthesis in the skin after sun exposure. VitD is a
steroid hormone that regulates numerous genes important in cell differentiation, proliferation and
homeostasis. Unfortunately, VitD deficiency is prevalent worldwide, with infants, pregnant women,
the elderly, and dark-skinned individuals being the most affected (3). There is substantial literature
describing the importance of VitD as an immune regulator with a growing body of evidence on
the importance of VitD on the development and function of the nervous system. While VitD
deficiency has been correlated with a variety of human diseases, there is substantial evidence that
VitD deficiency, particularly in children, may be a major risk factor for the development of multiple
sclerosis (MS), which is typically diagnosed in young adults. Historically, it has been postulated
that low VitD may be promoting a dysregulated and/or hyperactivated immune system that leads
to CNS inflammation. However, the fact that low VitD in children appears to be more closely
associated withMS than other autoimmune diseases suggests that VitD insufficiencymay be playing
an important role in the central nervous system (CNS), making it more vulnerable to inflammation.
Thus, VitD deficiency in children may be contributing to the risk of developing MS as an adult by
dysregulation of genes in both the immune system and CNS.
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MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is an inflammatory, demyelinating
disease affecting an estimated 2.8 million people worldwide
(4). Clinically, MS is characterized by relapsing and progressive
neurological dysfunction. In most patients, the disease begins
with episodes of neurological dysfunction followed by complete
or partial remission— the relapsing/remitting form of the disease
(RRMS). In some RRMS patients, the disease is later transformed
into uninterrupted progression of neurological deficits — the
secondary progressive phase of the disease (SPMS). Other
patients’ disease initiates with a slow, progressive accumulation
of neurological dysfunction — primary progressive multiple
sclerosis (PPMS) (5). Pathologically, MS is characterized by
focal plaques of demyelination with activated microglia and
abundant peripheral inflammatory cells in the CNS. The cause
of the disease is unknown and therapies are limited to disease
modifying medications that reduce the number inflammatory
lesions and slow disease progression.

Geographical Distribution of MS
Many decades ago it was found that MS has the lowest frequency
along the equator, and increases prevalence with increasing
latitude (6). The relationship between latitude and MS risks has
been observed in several studies. MS frequency among French
farmers displayed a north-south gradient and was inversely
correlated with exposure to sunlight, though the gene pools
and life styles of individuals were broadly comparable (7). UK
migrants who live in Tasmania in the south had greater MS
frequency than those that migrated to tropical Queensland (8).
Although MS risks seem to decrease with migration from high
to low latitudes (9), the timing of migration has critical effects
on this change. Migration studies have shown that people who
are younger than 15 years at the time of migration tend to adopt
MS risks of the country to which they migrate, whereas those
who are older than 15 years retain similar incidence as their
country of origin. A recent study in New Zealand confirmed
the latitude gradient, but also found that the prevalence gradient
was strongest at birth (10). A comprehensive meta-analysis of 94
studies published through 2018 confirmed the latitude gradient
in MS (11). Analysis of sun exposure based on age found that
living in an area with high UV-B before MS onset was associated
with a 45% lower risk of MS, and a 51% reduction in risk when
living in a medium to high UV-B area from 5-15 year of age (12).
Overall, the risk of developing MS is largely determined before
the age of 15 years (13–17) or at least within the first two decades
(18), suggesting a role for the environment in modifyingMS risks
during childhood and adolescence.

Genetic and Environmental Risk Factors in
MS
The cause of MS is unknown. It remains unclear what triggers
the immune system to attack the myelin sheath. Twin studies
reveal that genetic factors have important roles in MS risk.
The rate of concordance for MS among monozygotic twins is
25–40%, which is much higher than the 5% concordance rate
among dizygotic twins (19). Genome-wide sequencing studies

have further identified human leukocyte antigen (HLA) class II
exerting the strongest association with MS risks (20, 21). On
the other hand, the concordance rate among monozygotic twins
is not 100%, which means MS risks are not fully determined
by genetics.

Unquestionably, the environment is also influential on disease
susceptibility. Although the identity of environmental factors
involved in MS is not yet unequivocally known, accumulating
evidence lends strong supports to several candidates: Epstein-
Barr virus (EBV) infection, cigarette smoking and VitD. The
relationship between EBV seropositivity and MS risks is now
firmly established (p < 10–23). Virtually all (99.5%) patients with
MS are seropositive for antibodies directed against EBV (22). A
recent study analyzed multiple environmental factors that may
contribute to MS risk, including VitD levels and EBV antibody
titers (23). EBV antibody titers were significantly higher in MS
patients and there was an inverse relationship between VitD
levels and EDSS, yet no correlation between VitD levels and
EBV antibody titers. The prevalence of EBV infection is high
(94%) in age/gender-matched controls, so the vast majority of
infected individuals do not develop MS, which suggests that EBV
infection may be a necessary contributing factor to MS risk but
not a cause of MS. For cigarette smoking, a positive association
between smoking before age of onset and MS risks is found in
some case-control studies (24, 25). Individuals with RRMS have
an increased risk of developing SPMS if they have ever smoked,
compared with non-smokers (26). These factors— genetics, EBV
infection and smoking—maywork interactively to determineMS
susceptibility, but none of them can fully explain the geographic
variations in MS frequency and the changes in risk that occur
with migration.

Mouse Model of MS
Much of our fundamental understanding of MS is based on
observations in rodent models of MS such as experimental
autoimmune encephalomyelitis (EAE). EAE resembles MS in
both clinical and pathological aspects (27, 28). Susceptibility
to EAE and clinical course vary among strains of mice. For
instance, B10.PL and SJL/J mouse strains are two of the more
commonly used susceptible strains, whereas BALB/c is much
less susceptible (29). SJL/J mice develop a relapsing-remitting
disease that can transition into a progressive disease over
time, closely resembling RRMS and the transition to the SPMS
form (28). C57B/6 mice have become the most utilized EAE
model due to the availability of genetically modified mice on
the C57B/6 background that allows for defining the role of
specific molecules in CNS autoimmunity. The downside of
using the C57B/6 mouse model is that disease course and
inflammatory components of the lesion have distinct differences
from the human condition. Instead, C57B/6 mice develop
a rapid-onset, chronic neurological disease without relapses.
Furthermore, antibodies and neutrophils contribute significantly
to lesion formation which is not typical of MS (30, 31). Some
have speculated that C57B/6 EAE may actually be a better
model for neuromyelitis optica (NMO), a rare autoimmune
neurodegenerative disease very similar in phenotype to MS in
which antibodies to aquaporin 4 and neutrophils are known to
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contribute to the formation of demyelinating lesions (32). These
different EAE models have contributed to our understanding of
CNS autoimmunity, yet we should be cognizant of how they may
or may not reflect MS.

EAE can be induced by several methods. Active induction of
EAE is done by direct immunization with myelin proteins or
peptides emulsified in complete Freund’s adjuvant. The myelin
protein and/or peptide used differs because of variations in
MHC between strains of mice. Passive induction of EAE is
done by transfer of activated myelin-specific CD4T cells into a
naïve mouse. The myelin-specific CD4T cells can be generated
by immunization with a myelin protein/peptide, followed by
removal of the draining lymph nodes, reactivation of the myelin-
specific T cells in vitro, and injection of the myelin-specific
T cells into naïve mice resulting in EAE. Alternatively, T cell
receptor transgenic T cells specific for a myelin peptide can be
used. For example, CD4T cells from a T cell receptor transgenic
B10.PL mouse in which all the CD4T cells recognize myelin
basic protein (MBP) Ac1-11 peptide can be activated in vitro and
injected into naïve B10.PL mice, resulting in classical EAE (33–
35). In EAE, both myelin-specific Th1 and Th17 cells contribute
to pathogenesis, and both cell types have been implicated
in MS (35, 36). While myelin-specific T cells can be found
in both healthy individuals and MS patients, myelin-reactive
CD4T cells from MS patients have an activated and/or memory
phenotype, whereas those cells are naïve in healthy individuals
(37–41), supporting the idea that myelin-specific CD4T cells are
contributing to disease pathology in MS.

PHYSIOLOGY OF VITAMIN D

For most people, exposure to sunlight is their major source
of VitD. Ultraviolet B (UVB) photolyses 7-dehydrocholesterol
to pre-vitamin D3 in the epidermis, which then isomerizes
to vitamin D3 (Figure 1). VitD can be also obtained from
diet through ingestion of vitamin D2 (ergocalciferol) derived
from plants, colecalciferol supplements/fortified foods and oily
fish. Vitamin D3 in the body then undergoes a series of
hydroxylations, first to 25-hydroxyvitamin D3 (25(OH)D3) in
the liver, the main circulating form of the vitD with relatively
long half-life, and then to biologically active hormone 1,25-
dihydroxyvitamin D3 (1,25(OH)2D3, also known as calcitriol)
in the kidney (42). 1,25-dihydroxyvitamin D3 is the ligand for
VitD receptor (VDR), a member of the nuclear receptor family of
transcription factors which activates or represses the expression
of many genes (43), and exerts rapid non-genomic effects via the
membrane VDR (44).

VitD primarily acts as a hormone that regulates gene
transcription. VitD enters cells using carrier proteins or diffusion
where it can bind VDR in the cytoplasm (Figure 2). VitD/VDR
complexes are translocated to the nucleus where VDR dimerizes
with retinoid X receptors (RXR). VDR/RXR complexes bind
to VitD response elements which are present in nearly 1,000
genes, thus playing a major transcriptional role in many cell
types. There are non-genomic roles for VitD which occur within
minutes, far too soon to be mediated by altered gene expression.

The most noteworthy non-genomic effect of VitD is calcium
regulation. VitD binds to protein disulfide isomerase family
A, member 3 (PDIA3), resulting in the upregulation of PKA,
pI3K and p38MAPK which contribute to the intracellular flux
of calcium (Figure 2). While changes in intracellular calcium
may be independent of VDR engagement, calcium homeostasis
is affected by VDR signaling as seen in people with type
II genetic rickets and VDR-deficient mice which have severe
hypocalcemia (45–48).

Although the best-known function of VitD is to regulate
calcium physiology, it also has important effects on the
development and function of CNS. Neurons and microglia
express VDR. In addition, they can directly metabolize
25(OH)D3 because they express 1-α hydroxylase (49).
1,25(OH)2D3 has been shown to regulate glial cell line-derived
neurotrophic factor (GDNF) (50) and nerve growth factor
(NGF) (51) expression. The ability of 1,25(OH)2D3 to regulate
certain neurotrophic factors and influence inflammation has led
to the hypothesis that 1,25(OH)2D3 is neuroprotective (52). In
fact, it has shown a reduction in ROS induced cell death and
increased anti-oxidant species in glia cell by 1,25(OH)2D3 (53).
VitD insufficiency is associated with several other neurological
disorders beside MS, including Parkinson disease, schizophrenia,
depression and cognitive decline (54), suggesting its essential
role in maintaining normal CNS function.

How much VitD is optimal is somewhat controversial. The
most commonly published normal range for blood VitD levels
is 20–40 ng/mL (50–100 nmol/L) with levels below 20 ng/mL
(50 nmol/L) considered VitD deficient. The Endocrine Society
considers VitD levels of 20–29 ng/mL (50–74 nmol/L) to indicate
VitD insufficiency, and that VitD levels should be 30-100 ng/mL
(75–250 nmol/L) for optimal health benefit (55). Based on these
guidelines, it is estimated that 30–50% of Americans may be
VitD deficient. A New England Journal of Medicine article
suggested that VitD deficiency may be overstated, and perhaps
our current metrics for VitD-deficiency are incorrect, because of
misinterpretation of the Institute of Medicine’s reference values
(56). It should be noted that most of the studies evaluating VitD
levels in health are based on intestinal uptake of calcium and bone
health, so it remains unclear what the optimal dose may be for
optimal overall health.

VITAMIN D AND MS

One of the strongest correlates of latitude is the duration and
intensity of sunlight, and the synthesis of ViD is subsequently
affected by ultraviolet B (UVB) radiation. The incidence gradient
according to latitude and the effect of migration within
genetically uniform groups can be explained by VitD— as the link
between latitude and MS risk. The VitD hypothesis is supported
by studies of sunlight exposure history. The seasonal fluctuations
in VitD levels resulted in decreased VitD concentrations in utero,
whichmay contribute themonth-of birth effect inMS (57).While
not all studies are in agreement, a large meta-analysis found
that individuals born in the Spring have a significantly higher
risks of developing MS compared to individuals born in the fall
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FIGURE 1 | Vitamin D production pathway. Vitamin D3 is produced in the skin by UVB irradiation. Typically, the liver and kidney generate intermediates that ultimately

generate calcitriol, the active form of VitD. The brain and immune cells also express the enzyme that allows for the generation of calcitriol.

FIGURE 2 | Intracellular function of vitamin D. VitD typically acts as a transcription factor in association with retinoid-X-receptors (RXR) to mediate gene transcription

at VitD response elements in promoter regions of genes. However, VitD can have immediate effects on cell function (non-genomic) via interaction with PDIA3 that

leads to changes in calcium transport.

(58–60). Insufficient maternal 25-hydroxyvitamin D during early
pregnancy is associated with a 2-fold increased risk of MS in
offspring (61). Similarly, a Danish study used dried blood spot
samples collected near the time of birth to measure VitD in
individuals who later developed MS and matched controls (62).
Neonatal VitD levels were inversely associated risk of developing
MS, supporting the notion that maternal VitD levels may be
important to prevent MS in children. Higher sun exposure
during childhood (age of 6–15 years) was shown associated with
reduced MS risks (63). Time spent on outdoor activities during
childhood and adolescence (significant for age of 6–20 years)

in the summer was inversely related to the risks, whereas there
was no such effect in the winter (64). A study of monozygotic
twins who were discordant with MS has shown that twins with
MS reported significantly lower levels of childhood sun exposure
than their healthy sibling (65). However, sunlight may have
benefits to prevent CNS autoimmunity beyond VitD. A study in
EAE found that UV light suppressed EAE independent of VitD
and VDR (66).

Further evidence for the VitD hypothesis comes from the
studies of dietary VitD intake. At high latitudes, prevalence
of MS was lower than expected in populations with high
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FIGURE 3 | Immunoregulatory functions of vitamin D. VitD can regulate the function of numerous immune cells. VitD suppresses inflammatory cytokines and

antigen-presentation by innate immune cells. VitD also suppresses T cell activation, and favors the generation of Th2 cells and Tregs.

consumption of VitD-rich oily fish (67). A 40% reduction in
MS risks was found among women who used supplemental
VitD, compared with women who did not use supplements
(68). Lastly, a study directly measured the circulating 25(OH)D3
(the circulating form of VitD) concentrations in individuals
who served in the US military, and concluded that serum level
of 25(OH)D3 in healthy young white adults is an important
predictor of their risk of developingMS (69). These epidemiology
studies (latitude, migration, history of sunlight exposure, VitD
intake and serum concentration of VitD) give credibility to the
hypothesis that VitD, especially in early life, has protective effect
against MS development. Nevertheless, due to often confounding
variables in epidemiology studies, prospective experimental
studies are needed to validate the effect of VitD in determining
MS risks. A mendelian randomization study in which single
nucleotide polymorphisms associated with 25-hydroxyvitamin
D were identified and analyzed in the International Multiple
Sclerosis Genetics Consortium found that there was a significant
increased susceptibility to MS in individuals with a genetically
lowered level of 25-hydroxyvitamin D (70). This genetic study
supports the epidemiology data that optimal VitD levels are
protective against the development of MS. Interestingly, a
study of polymorphisms in the VitD-binding protein found an
association with MS risk in whites, but not blacks or Hispanics,
indicating that VitD may not be a significant risk factor in all
ethnicities (71).

After disease onset, VitD also acts in modulating MS clinical
course. Serum concentrations of 25-hydroxyvitamin D3 in MS
patients were lower during relapses than during remissions (72),
and correlated inversely with disease severity (73) and frequency
of relapse (74, 75). Although these results might indicate lower
sun exposure in patients with severe MS rather than a beneficial
effect of VitD, convincing studies with EAE have demonstrated
the immunomodulatory effect of VitD in inflammatory CNS
disease. Expression of VDR has been described in immune
cells, including dendritic cells, macrophages and activated T
and B cells (76). VitD supplementation clearly suppressed EAE
preventively (77, 78) and therapeutically (79). Moreover, the
therapeutic effects of VitD required VDR function in T cells
(80), and were through promoting IL-4, TGF-β (81) and IL-
10 (82) production, and inhibiting TH1 cells differentiation
(83, 84). With these results established from EAE, experimental
basis supports the beneficial role of VitD in modulating disease
progression. Yet, there are numerous studies that indicate that
VitD supplementation in MS patients has little, if any benefit
to reducing symptoms (85). The SOLAR trial found that VitD
supplementation (14,000 IU/d) in MS patients on interferon
beta-1a was beneficial in reducing new lesions, but no change in
progression of disability or annualized relapse rate was observed
(86). In the 2-year CHOLINE trial, MS patients on interferon
beta-1a were given 100,000 IU of oral cholecalciferol or placebo
biweekly. The end point (changed in annualized relapse rate) was
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not met, yet there were positive benefits observed on imaging and
the average EDSS score was significantly lower in the treatment
group (87). Analysis of 12 random controlled trials evaluating
VitD supplementation concluded that VitD supplementation had
no significant benefit on relapse rates, progression of disability
or MRI lesions (88). Thus, the benefit of VitD supplementation
in MS patients is unclear, but given that most MS patients are
VitD deficient, supplementation is prudent and likely benefits
that overall health of the patients.

VITAMIN D AND THE IMMUNE SYSTEM

The first evidence that VitD may affect the immune system came
from a study in 1983 in which VitD promoted the fusion of
macrophages (89). In 1986, it was shown that VitD inhibited IL-
2 production and proliferation by T cells (90), providing solid
evidence that VitD had the capacity to regulate T cells. There is
now substantial evidence that VitD is a major regulator of both
innate and adaptive immune cells and influences the outcomes of
infections, cancer and autoimmunity.

Innate Immunity
Activated macrophages and monocytes upregulate expression of
CYP27B1, the gene that encodes 1α-hydroxylase, the enzyme
that converts 25-hydroxyvitamin D3 to 1,25-dihydroxyvitamin
D3 (calcitriol), the active form of VitD (Figure 1), indicating
that macrophages/monocytes have the capacity to increase VitD
at site of inflammation (91). The local expression of VitD by
activated macrophages/monocytes sets up an autocrine pathway
since macrophages/monocytes express VDR, resulting in the
production of anti-microbial products such as cathelicidin
and defensins. Cathelicidin is particularly important against
infections by destablilizing microbial membranes and disrupting
viral envelopes (92–94). Equally important, VitD regulates the
maturation and activation of macrophages and dendritic cells,
compromising their ability to be effective antigen presenting cells
(Figure 3). Upon TLR engagement, macrophages and dendritic
cells upregulate MHCII, CD80/CD8, CD40 and cytokines which
are critical to antigen presentation to T cells. VitD suppresses
these molecules, promoting macrophages and dendritic cells
that are immature and somewhat tolerogenic (95, 96). This
suppression of macrophages and dendritic cells may be due to the
suppression of toll-like receptors (97–99) or inhibition of IL-12
via NF-κB (100) mediated by VitD.

VitD affects the function of microglia which are known
to secrete inflammatory mediators that contribute to myelin
damage during CNS autoimmunity. Mice with EAE treated
with calcitriol immediately following EAE induction have
reduced microglia activation and oxidative stress, and less blood
brain barrier permeability (101). Partial deletion of VDR in
young mice attenuated microglia activation and reduced the
incidence and severity of EAE (102). In various models of CNS
diseases and injury, VitD has been shown to regulate microglia
phenotype and oxidative stress (103–106). Thus, vitD appears
to effectively skew microglia from a pro-inflammatory M1
phenotype to a reparative M2 phenotype, reducing inflammation
and limiting demyelination.

Adaptive Immunity
Both T cells and B cells can express VDR and respond to
VitD (Figure 3). There is actually very little, if any, VDR
expression on resting human T and B cells; however, VDR is
rapidly upregulated upon activation (107–109). Similar to innate
immune cells, activated T cells express CYP27B1 and can make
active VitD. VitD suppresses T cell proliferation via reduced
IL-2. In addition, VitD alters the differentiation of CD4T cells
by skewing CD4T cells toward Th2 and away from Th1 and
Th17, the phenotypes associated with MS (110, 111). Also of
particular relevance to MS, VitD promotes the differentiation of
Tregs (112), which are known to be defective in MS patients
(113–118). The mechanism by which VitD promotes Treg
development appears to be via altered APCs, since VitD added
to human dendritic cells alters glucose metabolism favoring the
differentiation of Tregs over Teff cells (119). VitD status in MS
patients positively correlates with Treg function, supporting the
observation the VitD promotes Treg development (120). VitD in
association with CD46 was shown to promote Type I regulatory
T cells (Tr1) cells in MS patients (121), indicating that optimal
VitD may be an important component of immune regulation.

B cell differentiation and maturation into plasma cells is
also regulated by VDR, thus affecting antibody production. In
addition, VitD downregulates co-stimulatory molecules on B
cells, similar to what is observed for macrophages and dendritic
cells (122). Thus, optimal VitD may compromise the ability
of B cells to act as antigen presenting cells. B cell –depletion
therapies have been very beneficial in the treatment of MS. Given
that the beneficial affects appear to be independent of antibody
production, there is speculation and evidence that B cells are
critical antigen-presenting cells in MS (123–125). An immune
profile study onMS patients on B cell depletion therapy indicated
that the T cell profile showed a favorable change, reflected by a
reduction in memory T cells and an increase in Tregs (124, 125),
consistent with the role of B cells as antigen-presenting cells.
Thus, low VitD may enhance the ability of B cells to drive the
activation and differentiation of T cells, increasing the probability
developing MS.

VITAMIN D AND THE CENTRAL NERVOUS
SYSTEM

Substantial evidence indicates that VitD acts as a neurosteroid.
VDR is expressed throughout the developing and mature brain,
including the hippocampus, amygdala, hypothalamus, cortex and
cerebellum (49, 126, 127), implicating VitD as an important
modulator of gene expression throughout the CNS. Furthermore,
1α-hydroxylase and 25-hydroxylase are both expressed in the
brain providing the critical enzymes to generate VitD locally
(49, 128). While a major role of VitD is gene regulation, it also
has non-genomic functions, particularly regulation of calcium
signaling which is critical in normal cellular function.

Vitamin D and Neurogenesis
VitD promotes cell differentiation and apoptosis which are
critical for embryonic development. When VitD is removed
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during gestation in model systems, multiple regions of the brain
have increased cell proliferation and decreased apoptosis, as well
as enhance cell proliferation, leading to CNS anomalies (129–
131). The increased proliferation was mediated by increased
expression of cyclin genes which were regulated by VDR
signaling (132), while the reduction in apoptosis may have
been due to increased levels of BAX and Bcl-2 (131). Low
VitD also leads to more neural stem cells which may be
due to a loss of regulation of cell proliferation or a failure
in neural stems to efficiently differentiate into neural cell
progenitors (133). Changes in brain morphology have been
observed in rodents with VitD deficiency (129, 134). In humans,
VitD deficiency is associated with decreased brain volume
and enlarged ventricles in older adults (135). Ex vivo studies
illustrated that VitD inhibits the proliferation of hippocampal
neurons, while promoting neurite outgrowth (130). Analysis
of dopaminergic neurons found that VitD-deficiency reduced
Nurr1 and P57kip2 gene expression during embryogenesis
which are critical to the development and homeostasis of
dopaminergic neurons (136). In addition, VitD has been found
to regulate the expression of genes essential in the normal
function of dopaminergic neurons (137, 138). Interestingly, while
it appears that VitD promotes the differentiation of neurons,
astrocyte differentiation appears to be impaired by VitD when
using adult neural stem cells (139). VitD also promotes the
differentiation of neural stem cells into oligodendrocytes (139),
the myelinating cells of the CNS. Oligodendrocyte precursor cells
fail to differentiate into oligodendrocytes when VDR signaling
is blocked (140). These studies implicate VitD as an essential
regulator of neuron and oligodendrocyte development. The
signaling between neurons and oligodendrocytes is essential to
the development of a properly myelinated CNS during early life,
as well as remyelination that occurs following CNS damage.

Functional Consequences of Low VitD in
the CNS
In addition to the development and differentiation of CNS
cells, VitD plays a role in their ability to function properly.
The release of several neurotransmitters is affected by VitD. In
dopaminergic neurons, VitD promotes the release of dopamine
(141). VitD appears to regulate neurotransmitter synthesis,
for example, VitD regulates the inhibitory neurotransmitter
GABA, via upregulation of GAD65 and GAD67 (142–144).
Neurotrophic factors, which are essential for CNS homeostasis
and communication between cells in the CNS, are also regulated
by VitD. VitD appears to induce nerve growth factor (NGF)
expression in neurons (129, 135). Neural stem cells upregulate
brain-derived growth factor (BDNF), Glia cell line-derived nerve
factor (GDNF), and ciliary neurotropic factor (CNTF) in the
presence of VitD (139). In astrocytes, VitD appears to regulate
the expression of neurotrophin receptors, as well GDNF, NT-3
and NT-4 (145–147).

VitD also plays a role in neuronal plasticity. In cultured
cortical neurons, VitD increased the expression of microtubule
associated protein-2, growth-associated protein-43, and synapsin
1 which are important in synaptic vesicle transport and axonal

growth (148). Low VitD during embryogenesis resulted in
altered expression of proteins important in cytoskeletal integrity,
organelle transport, and synaptic plasticity (149, 150), suggesting
that VitD is critical to the normal development and function of
the CNS.

Calcium Regulation
VitD plays a vital role in regulating calcium levels in the CNS
which is particularly important given that high levels of calcium
are neurotoxic. In neurons, VitD modulates L-type voltage-gated
calcium channels by downregulation of A1C subunits (151).
Mice lacking VitD have upregulated L-type voltage-gated calcium
channels and elevated calcium influx in neurons (152) (Figure 2).
In vitro treatment of neurons with VitD downregulated L-type
voltage-gated calcium channels and protected neurons from
excitotoxicity (153). VitD was shown to very rapidly increase the
uptake of extracellular calcium via L-type voltage gated calcium
channels (154). Since this occurred within a few minutes, it was
clear that the effect was independent of gene transcription. The
increase in calcium influx was dependent on the PKA, pI3K,
and p38MAPK. The non-genomic effects of VitD have largely
been attributed to VitD interaction with PDIA3 (also known as
1,25D3-Marrs) on the plasma membrane (155, 156). In addition,
VitD regulates the expression of numerous genes associated with
calcium homeostasis vital to the proper regulation of calcium in
the CNS and other tissues (150, 154, 157).

Vitamin D and Neuroprotection
Epidemiological data indicate that VitD has neuroprotective
properties. Optimal VitD levels during early life appear to
be important to minimize the risk of several psychiatric
and neurodegenerative diseases. Schizophrenia, depression and
autism spectrum disorders have all been associated with low
VitD, particularly during embryogenesis and infancy (158–162).
There is an inverse correlation between Parkinson’s disease
risk and VitD levels (163, 164). Given that VitD protects
dopaminergic neurons by upregulating genes numerous genes
associated with the function of dopaminergic neurons (137, 138),
it is logical that VitD may be a critical factor in minimizing
the risk of developing Parkinson’s disease. Similarly, Alzheimer’s
disease patients tend to have low serum VitD levels compared
to matched healthy controls (165). The risk of dementia and
symptoms of neurodegenerative diseases, such as cognitive and
memory impairments and impaired motor function, increases
with low serum VitD levels (166–169). Serum VitD deficiency
is linked to greater infarct volumes, increased overall stroke
severity, and worse long-term outcomes in stroke patients (170–
172). Impacts on the risks and outcomes in these neurological
conditions are clearly multifactorial, but it stands to reason that
VitD plays a role in susceptibility and outcome.

The neuroprotective properties of VitD take effect though
several mechanisms. Direct neuroprotective action of VitD is
associated with the regulation of neurotrophic factors and
reduction in oxidative stress. Neurotrophic factors are critical
for the differentiation, survival and maintenance of neural and
glial cells. VitD stimulates expression of nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), glial cell
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line-derived neurotrophic factor (GDNF) and neurotrophin-3
(NT3) (173). Neurotrophic factors downregulate their expression
into adulthood, therefore remaining levels have critical cell
maintenance functions. Reduction in VitD-assisted neurotrophic
factor expression due to deficiency may leave neurons more
vulnerable to insult.

Neurons are particularly susceptible to oxidative damage
because of increased oxygen consumption, bi-products of
neurotransmitter production, excitotoxicity and high overall
lipid content (174). Additional neuroinflammation will increase
the reactive oxygen species (ROS) load. Adequate VitD levels
downregulate intracellular oxidative-stress related activities,
while suboptimal levels result in increased oxidative damage
and neuronal apoptosis (175). Increased reactive oxygen
production has been implicated in the pathogenesis of multiple
neurodegenerative conditions, including Parkinson’s disease
(176), Alzheimer’s disease (177), Huntington’s disease (178),
stroke (179) and Multiple Sclerosis (180), and suboptimal serum
VitD levels have been linked to these conditions. VitD is a potent
regulator of the nuclear factor erythroid-2-related factor 2 (Nrf2)
antioxidant pathway in neurons and glial cells, and intracellular
Nrf2 levels are inversely correlated with the accumulation of
mitochondrial ROS. Within the CNS, upregulation of Nrf2
target genes superoxide dismutase (SOD), catalase (CAT) and
heme oxygenase-1 (HMOX1) to make neurons more resistant
to oxidative insults (181). Furthermore, neurotrophic signaling
pathways, such as the BDNF-TrkB pathway that is essential for
mature neuron survival and normal function, also signal Nrf2
activation (182, 183). VitD then has double the influence on
neuronal survival – first in neurotrophic action by increasing
levels of BDNF, and second in oxidative defense by direct
activation of Nrf2. The neuroprotective properties of VitD
center around its antioxidant function, and in conjunction with
neurotrophic factor expression, likely enhances neural defense
and repair mechanisms.

Vitamin D as a Neuroprotective Agent in
MS Through Antioxidant Pathways
Oxidative stress and mitochondrial dysfunction are prominent
features of MS. T cells can produce ROS and T cell activity and
proliferation are influenced by ROS, adding an increased level of
complexity to the impact of ROS inMS (184). Activatedmicroglia
and macrophages are the major contributors to the elevated ROS
observed in the disease. These cells produce oxidating radicals
such as superoxide, hydrogen peroxide and nitric oxide with
the help of ROS-generating enzymes, such as myeloperoxidase,
NADPH oxidase and nitric oxide synthase. ROS have shown to
mediate demyelination in both MS and its animal models (184,
185). Studies in postmortem brains of MS patients have identified
myeloperoxidase expression in activated macrophages and
microglia near lesions. Elevated expression of myeloperoxidase
was detected in demyelinated regions of postmortem MS
brain homogenates when compared to unaffected regions from
the same individual (186, 187). Other markers of oxidative
damage, such as 4-hydroxy-2-noneal (4-HNE), produced by lipid
peroxidation of cell membranes, and nitrotyrosine, the product of

nitric oxide and superoxide reactions, increase and accumulate in
macrophages and astrocytes in MS lesions (188–190).

ROS in later stages of MS stems from mitochondrial
dysfunction within neurons themselves. Mitochondrial
dysfunction and associated ROS have been implicated in
non-inflammatory mediated axonal degeneration that occurs
with chronic demyelination. It is believed that mitochondria
become taxed after sodium channel redistribution in response
to demyelination. Sodium channel redistribution causes large
influxes of sodium, taxing the ATP dependent sodium-potassium
pump (191). Increased ATP needs trigger mitochondria
production and proliferation, resulting in increased ROS
(192, 193). Notably, increased mitochondrial heat shock protein
70, a marker of mitochondrial stress, has been observed
in astrocytes and axons within MS lesions (192). There is
some controversy regarding whether increased ROS from
mitochondria exists primarily due to mitochondrial proliferation
and ATP production after demyelination (chronic injury) or
if mitochondria actually acquire oxidative damage during the
inflammatory stage of the disease (acute injury) (194).

Antioxidant enzymes are the endogenous ROS defense
system in the CNS. ROS exposure activates Nrf2, which then
translocates to the nucleus and activates antioxidant response
element promoters (ARE) for antioxidant enzyme production.
Expression of hundreds Nrf2 responsive antioxidant genes have
already been identified (195). Numerous studies have suggested
a role for Nrf2 inactivity in the pathogenesis of MS. Nrf2
knock-out EAE mice experience more rapid disease onset, a
more severe clinical course, increased glial activation, increased
pro-inflammatory cytokine expression and increased axonal
degeneration compared to Nrf2 inclusive controls (196–198).
Conversely, increasing the activity of Nrf2 in the CNS of
EAE mice lessened the clinical severity (199). In postmortem
brain tissue of MS patients, NRF2 is strongly upregulated
in active MS lesions and expression is most pronounced in
degenerating neurons and glial cells, including oligodendrocytes
(200, 201).

NRF2 activity is already relevant in MS clinical treatment.
Both VitD and dimethyl fumerate (DMF or TecfideraTM) are
NRF2 activators. DMF treatment is an approved oral RRMS
therapy known to reduce disease activity and progression,
and accomplishes these outcomes via immunomodulatory
and neuroprotective mechanisms (202–207). VitD and DMF
both signal through the NRF2/KEAP1 pathway to generate
antioxidant action and specifically increase glutathione signaling
for neuroprotection. DMF and VitD can also exert protective
effects by reducing proinflammatory cytokine expression and
increasing neurotrophic factor expression (208). DMF and VitD
derivatives have demonstrated a cooperative effect on increased
VDR expression andNrf2 activity that limit leukemia progression
(209). Although mechanisms of action overlap, DMF is a
safer therapeutic option for avoiding calcemic toxicity that
can occur with long-term use of high levels of VitD. In fact,
excess VitD can exacerbate EAE, emphasizing the point that
a measured approach to VitD-based therapies is critical (210).
It should also be noted that melatonin which is produced
during the dark has similar anti-oxidant properties as VitD in
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EAE (211, 212). There is contradicting data on the relationship
between melatonin and VitD, yet both appear to be beneficial
in reducing CNS inflammation. Thus, the interplay between
appropriate sunlight to optimize VitD levels and appropriate
darkness to optimize melatonin to maintain circadium rhythm
should be considered in strategies to prevent and/or treat MS.
It is unlikely that DMF mimics every function of VitD, but
similarities in function between DMF and VitD suggest that VitD
has a critical role as an endogenous neuroprotective mediator
in MS.

An important consideration is the temporal influence
of VitD, NRF2 activity, and the endogenous antioxidant
system during the course of MS. Upregulated expression of
NRF2 in MS brain lesions suggests that the NRF2 pathway
is already highly active in distressed cells (200, 201) and
it appears that endogenous antioxidant mechanisms are
not enough to halt demyelination and axonal degeneration
at end stages of disease. However early in the disease,
VitD and NRF2 signaling may have increased potential
for neuroprotection because less neuroinflammatory-
induced oxidative damage has occurred. Understanding the
neuroprotective potential of VitD in early stages of MS is
complicated by the striking frequency of VitD deficiency
in patients at the time of diagnosis. Therefore, whether
preventing VitD deficiency prior to disease onset can enhance
neuroprotection and alter disease progression warrants
further investigation.

IMMUNOREGULATION VS.
NEUROPROTECTION

MS is a complex disease in which immune and nervous
system components interact to form and sometimes, resolve
CNS inflammatory, demyelinating lesions. Genetic studies have
largely implicated immune genes as susceptibility factors,
supporting the hypothesis that MS is an immune-mediated
disease and that the CNS is the unfortunate target of
the aberrant immune response. There is significant data to
support that VitD has a profound immunoregulatory role
on both innate and adaptive immune cells, indicating that
low VitD may alter normal immune regulation leading to
autoimmunity. Given that the CNS is the sole target of the
aberrant immune response in MS, it is important to consider
if the CNS is somehow more vulnerable to inflammation in
some individuals that may make them at an increased risk
of developing MS. While the answer is still unknown, the
literature clearly indicates that VitD impacts CNS development
and function.

The epidemiology studies indicate that optimal VitD is
particularly important during embryogenesis and childhood in
determining risk of developing MS. During childhood, our
immune system is repeatedly being challenged by pathogens,
most of which are cleared with minimal clinical consequences.
Some childhood viruses, such as Epstein-Barr, varicella zoster,
and some strains of influenza, can infect neurons, yet they
typically do not cause clinical CNS manifestations. Even in

the absence of CNS clinical signs of illness, do these viruses
affect the CNS differently in children with low VitD? Our
recent study in which partial VDR deletion was induced in
young mice specifically in neurons resulted in an enhanced
susceptibility to EAE in adult mice, suggesting that low VitD
signaling in neurons in early life may increase the vulnerability
of the CNS to inflammation (102). There is substantial evidence
that viral infections are affected by VitD levels. Of particular
interest in MS is EBV which has been long speculated to
be a vital risk factor for the onset of disease and this has
been confirmed in a new study of >10 million young adults
(213). While many theories have been explored, a recent
study identified EBV infection as a precipitating factor that
may be driving molecular mimicry (214–217). EBV antibody
titers are negatively correlated with VitD levels in MS patients
(218) suggesting that these two environmental factors may be
synergistic. EBV is also associated with activating endogenous
retroviruses (ERVs) and ERV levels in MS plaques correlates with
disease activity (219). These ERVs may act as novel antigens
that drive CNS inflammation. VitD supplementation mitigates
EBV reactivation (220), which may in turn limit ERV activation
and the associated inflammation. In a humanized mouse model,
it was shown that HLA-DR15-restricted T cells fail to control
EBV infection, suggesting that there is potential relationship
between the strongest genetic factor (HLA-DR15) and EBV
with respect to MS risk (221). The relationship between ERVs,
VitD and MS has become of increasing interest and some
speculate that EBV may be the missing link between ERVs and
VitD that trigger the development of MS (222). While many
autoimmune diseases have been associated with low VitD to
some extent, the epidemiology data in MS is far more convincing
suggesting that lowVitD is likely increasing the risk of developing
MS due to the negative impact on immune regulation and
CNS homeostasis.

A recent study of >1,900 subjects demonstrated that sun
exposure negatively correlated with development of MS, and
high VitD levels (>30.31 ng/mL) in MS patients reduced the
risk of relapses and accumulation of disability (223). The
evidence that VitD level is important in risk of developing
MS and disease severity appears well established, yet questions
still remain as to whether VitD supplementation is beneficial
to patients with MS. Since most MS patients have low VitD
levels, supplementation is now common practice. Perhaps the
more important question is how do we prevent low VitD?
Although VitD is currently a common food supplement in
many countries, it is unclear whether we are doing enough to
ensure that children are getting sufficient VitD. Rickets is rare in
countries in which food is supplemented with VitD, indicating
that the levels of VitD provided via food supplementation
is sufficient for bone health. However, it is unclear whether
these levels of VitD are adequate for optimal neuroprotection,
given that countries like the United States still have a high
incidence of MS. Additional VitD supplementation may be
essential for children in higher latitudes where sunlight is very
limited for several months each year, and perhaps in children
with a family history of MS in which genetic risks are highest.
We should also balance pros and cons of sunscreen which
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reduces UVB induced VitD synthesis by 95% and may negatively
impact health of our immune and nervous systems. Sunlight
remains the best source of VitD so ensuring that children play
outside daily may be the best solution to the epidemic of
low VitD.
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There is increasing evidence suggesting that Epstein-Barr virus infection is a causative

factor of multiple sclerosis (MS). Epstein-Barr virus (EBV) is a human herpesvirus, Human

Gammaherpesvirus 4. EBV infection shows two peaks: firstly, during early childhood

and, secondly during the teenage years. Approximately, 90–95% of adults have been

infected with EBV and for many this will have been a subclinical event. EBV infection can

be associated with significant morbidity and mortality; for example, primary infection in

older children or adults is the leading cause of infectious mononucleosis (IM). A disrupted

immune response either iatrogenically induced or through genetic defects can result

in lymphoproliferative disease. Finally, EBV is oncogenic and is associated with several

malignancies. For these reasons, vaccination to prevent the damaging aspects of EBV

infection is an attractive intervention. No EBV vaccines have been licensed and the

prophylactic vaccine furthest along in clinical trials contains the major virus glycoprotein

gp350. In a phase 2 study, the vaccine reduced the rate of IM by 78% but did not prevent

EBV infection. An EBV vaccine to prevent IM in adolescence or young adulthood is

the most likely population-based vaccine strategy to be tested and adopted. National

registry studies will need to be done to track the incidence of MS in EBV-vaccinated

and unvaccinated people to see an effect of the vaccine on MS. Assessment of vaccine

efficacy with MS being a delayed consequence of EBV infection with the average age of

onset being approximately 30 years of age represents multiple challenges.

Keywords: Epstein-Barr virus (EBV), prophylactic vaccination, epidemiological evidence, vaccine evaluation,

multiple sclerosis

INTRODUCTION

Epstein-Barr virus (EBV) is a human herpesvirus, Human Gammaherpesvirus 4 (1) first isolated
during the early 1960s (2). Human herpesviruses have a common structure comprising double-
stranded DNA contained within an icosahedral nucleocapsid which is surrounded by a tegument
and a host cell-derived outer membrane containing virus glycoproteins. The EBV genome is
approximately 170 kilobases long and expresses over 80 different proteins (3–5). These include
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TABLE 1 | EBV proteins and associated antibodies commonly used as infection

markers and in investigations of associations with multiple sclerosisa.

EBV protein Function Corresponding antibody

Virus Capsid

(VCA)

A lytic phase protein which

is a complex comprising

major, minor and smallest

capsid proteins. Structural

proteins which encapsidate

the virus genome (11).

VCA IgM is a marker of

acute infection. Initial

detection of VCA IgG

corresponds also with acute

infection; however, following

seroconversion VCA IgG

usually remains detectable

for life (10–14).

Early Antigen

(EA)

Protein complexes

produced early in the lytic

cycle. Two forms identified

based on characteristic

immunofluorescence

patterns. Early antigen

diffuse (EA-D) and Early

antigen restricted (EA-R).

Essential for viral DNA

polymerase activity.

EA IgG responses vary with

different populations limiting

its utility as a general marker

of acute infection. High

levels of EA-R IgG are

associated with Burkitt

lymphoma and high levels of

EA-D IgG with

nasopharyngeal carcinoma.

Seropositivity in general

populations is approximately

20–30% (10, 14).

Nuclear Antigen 1

(EBNA1)

A DNA binding protein,

expressed in virus infected

cells, that is produced

during latency. It is essential

for the persistence and

replication of the viral

genome (5, 7, 9, 11).

EBNA1 IgG is present in

convalescent or past

infection; however, a few

individuals fail to produce

this antibody following

infection. Higher levels

compared to controls are

associated with multiple

sclerosis (10–14).

Nuclear Antigen 2

(EBNA2)

Forms complex with

DNA-binding cellular

transcription factors.

Activates viral and cellular

promoters as heterodimer.

Promotes cell proliferation

(5, 7, 9, 11).

EBNA2 IgG has a limited

role in EBV diagnosis as it

appears earlier than EBNA1

IgG and is present in healthy

controls. High levels are

reported to be strongly

associated with an

increased risk of

development of multiple

sclerosis (10, 11, 13).

aNumbers in parentheses list relevant references.

several viral glycoproteins present on the surface of the virus,
including gp350, gH, gL, and gp42 which are important for
the attachment and fusion of the virus to the cell and are
the targets of prophylactic vaccines (6). EBV is adapted to
maintain a long-term existence with the human host as a
result of highly effective virus mechanisms capable of evading
the human immune response (7, 8). Latency (9) is established
following the virus expression of several proteins including the
EBV nuclear antigens (EBNAs 1, 2, 3, LP) and latent membrane
proteins (LMPs). Antibodies to some of these latent proteins (10),
especially EBNA1 have been implicated in the pathogenesis ofMS
(Table 1).

EBV infection typically occurs during early childhood and
in the great majority of young children it is asymptomatic
or subclinical; however, in older children and adults EBV
infection is a major cause of infectious mononucleosis (12,

13). The most frequent signs and symptoms of infectious
mononucleosis (IM) in young adults are sore throat (95–
98%), cervical lymphadenopathy (80–88%), and fatigue (70–
78%) of variable duration (median 15 days). The reported
rates of presentation of IM following primary EBV infection in
young adults are variable e.g. 25–74% (12, 13). Other frequent
symptoms of IM include fever, headache, loss of appetite,
myalgia and upper respiratory tract symptoms and rarer clinical
findings include abdominal pain, hepatomegaly, splenomegaly,
nausea, and vomiting (12, 13). In cases when the immune
system is compromised, severe EBV-mediated disease may occur
such as post-transplant lymphoproliferative disorders following
immunosuppression (15). Chronic active EBV infection is a
rare lymphoproliferative disease associated with high morbidity
and mortality in which an ineffective T-cell response enables
the clonal proliferation of infected cells in patients without
an apparent immune defect (14). Defective immune responses
due to inherited genetic conditions may also result in failure
to contain EBV replication such as occurs with X-linked
lymphoproliferative syndrome (16). EBV is an oncogenic virus,
and it is associated with the development of several lymphomas
and carcinomas (17). Finally, EBV infection is associated with the
development of several autoimmune diseases (11).

EBV is frequently shed in oral fluid (18) and transfer
of the virus via sharing saliva is the main route of virus
transmission. EBV can also be transmitted via sexual activity
and transplantation (12, 19). Epithelial cells and B-lymphocytes
are the primary sites of infection (20). Latency is established in
memory B cells and the expression of latent proteins are key for
immune avoidance and persistence of the virus within the host
(7, 9, 21).

In England and Wales, EBV seroprevalence studies
show two peaks of infection in children less than 5
years old (seroprevalence of 35% in 1–4 year-olds) and
in young adults (seroprevalence of 72% in 15–19 year-
olds) (22). Significant disparities exist with the age of
acquisition of infection with a trend toward older children
experiencing infection in certain population groups and
geographical regions (23). EBV infection occurs worldwide
with 90–95% of adults having serological evidence of EBV
infection (24).

MULTIPLE SCLEROSIS

MS is the most common chronic inflammatory demyelinating
disease of the central nervous system (CNS), affecting at least 2.5
million people worldwide. It is one of the most frequent causes of
disability in young adults (25).

The etiology of MS remains unknown, however, EBV may be
causally related (26).The pathogenesis of MS is thought to be
mediated by the immune system. Evidence for immune-mediated
mechanisms (27) comes from the pathology of disease (28),
the contribution of genes of the immune response to disease
susceptibility (29), experimental observations in relevant animal
models (30), and from the efficacy of immunotherapies in those
affected by MS (31).
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TABLE 2 | Epstein-Barr virus prophylactic vaccine clinical trials: past and presenta.

Vaccine Manufacturer Clinical trial/publication Outcome

Recombinant gp350 GlaxoSmithKline Biologicals,

Rixensart, Belgium

Phase 1 and phase 2

studies to evaluate safety and immunogenicity

of a recombinant gp350 EBV vaccine in healthy

adults

(58)

Phase 1 (59 subjects evaluated). One severe

adverse event. Phase 1 and 2 studies (79

subjects evaluated). One severe adverse event.

Recombinant gp350

and ASO4 adjuvant

system

GlaxoSmithKline Biologicals,

Rixensart, Belgium

Recombinant gp350 vaccine for infectious

mononucleosis: a phase 2, randomized,

double-blind, placebo-controlled trial to

evaluate the safety, immunogenicity, and

efficacy of an EBV vaccine in healthy young

adults.

(59)

A total of 178 EBV seronegative subjects were

evaluated. No subject discontinued medication

for reasons of safety or reactogenicity. In an

intention to treat analysis, IM cases were

distributed as follows: 9 cases (1 probable and

8 definite) were found in the placebo group and

2 cases (both definite) were found in the

vaccine group (p = 0.03; α = 0.05, by 1-sided

Fisher’s exact test).

CD8+ T-cell synthetic

peptide HLA

B*0801-restricted

epitope and tetanus

toxoid vaccine

Queensland Institute of

Medical Research, Australia

Phase 1 trial of a CD8+ T-cell peptide

epitope-based vaccine for infectious

mononucleosis.

(60)

A total of 14 subjects were evaluated. No

serious adverse events were reported. Trial too

small to estimate vaccine efficacy. Vaccine

immunogenic in most individuals.

mRNA-1189 Moderna TX, Inc. A phase 1, randomized, observer-blind,

placebo-controlled, dose-ranging study of an

EBV candidate vaccine, mRNA-1189, in 18- to

30-year-old healthy adults.

Trial ongoing. Estimated completion date June

2023. NCT05164094

Main outcome is to evaluate the safety and

reactogenicity of mRNA-1189 in 18- to

30-year-old healthy adults. Secondary outcome

is to evaluate vaccine immunogenicity.

EBV gp350-Ferritin

nanoparticle vaccine

adjuvanted with Matrix

M1

National Institute of Allergy

and Infectious Diseases,

USA

A phase 1 study of the safety and

immunogenicity of an EBV gp350-Ferritin

nanoparticle vaccine in healthy adults with or

without EBV infection.

Trial ongoing. Estimated completion date July

2025. NCT04645147

Main outcome is to evaluate the safety and

reactogenicity of gp350-Ferritin nanoparticle

vaccine in 18- to 29-year-old healthy adults.

aNumbers in parentheses list relevant references.

MS lesions are characterized by loss of CNS myelin, axonal
damage, activated microglia, and inflammatory infiltrates of
peripheral immune cells including T and B lymphocytes and
plasma cells (32), as well as gliosis inmore advanced disease. Both
white matter and gray matter myelin are affected in the brain and
spinal cord. The pathology ofMS in its different stages is reviewed
in detail elsewhere (33).

Over 200 gene polymorphisms contribute to MS susceptibility
(34). The strongest association is with genes of the immune
response, primarily certain class I and II alleles of the human
leucocyte antigen / major histocompatibility complex (29).
Alleles of the HLA-DRB1 locus confer a higher risk of MS
and interact with environmental factors known to influence
susceptibility such as smoking and solvent exposure, EBV
infection (35), childhood and adolescent obesity (36) and low
vitamin D levels (37). Other non-HLA genes of the immune
response have a more modest effect (34).

Environmental factors, both infectious and non-infectious,
influence the risk of developing MS by interacting with the
genetic variation that predisposes to autoimmune responses (38,
39). The incidence and prevalence of MS vary geographically,
with the prevalence increasing with geographic latitude. A
number of studies have found an inverse relationship between

sun exposure, ultraviolet radiation exposure, or serum vitamin
D levels, and the prevalence of MS (40). Smoking increases the
risk of developing MS and may also be a risk factor for disease
progression (41).

Among infectious factors, viral infections have been reported
to be associated with MS, particularly when they occur in
adolescence. Evidence for the role of EBV infection in the
development of MS is compelling to the extent that it is now
considered a putative causative agent (see below).

Understanding the factors that set off MS can potentially
enable prevention. Lifestyle and environmental factors can be
subject to possible interventions, in particular in individuals at
risk for developing MS, such as relatives of people with MS.
EBV infection is an MS trigger (26) and preventing it could
prevent MS.

Epidemiology of EBV in Relation to MS
A link between EBV infection and MS was first suspected over
40 years ago based on the similarity between the epidemiology
of MS and infectious mononucleosis (IM), which is a common
manifestation of primary EBV infection occurring during
adolescence or later in life (42). Further support for this
hypothesis came from the observation that individuals with a
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history of IM are 2–3-fold more likely to develop MS than
individuals with asymptomatic EBV infection (43–45). This
association could be explained by confounding by hygiene – a
proposition known as the “hygiene hypothesis”: IM is a marker
of a high level of hygiene during childhood, which predisposes
to MS by priming the immune system toward pro-inflammatory
responses (46). Such a hypothesis could be tested by determining
the MS risk in young adults who are EBV negative. Since EBV
negativity is a reliable marker of a hygienic upbringing, if high
levels of hygiene were causally related to MS, these individuals
should have an increased MS risk. Paradoxically, the results
of several cross-sectional studies have suggested that not only
do individuals with high levels of hygiene have a greater risk
of MS, but, as long as they remain EBV negative, they have
a markedly lower risk than EBV infected individuals (44, 47).
Similar results were obtained in pediatric MS (48, 49). These
findings, together with evidence from several longitudinal studies
that circulating IgG antibody titres to EBNA1 give a robust
prediction of future MS risk (50–54), suggest that EBV plays
a direct causal role in MS. Alternative explanations, however,
remain possible. On one hand, the low risk ofMS in EBV negative
individuals has been inferred from case-control studies that
included individuals recruited several years after MS diagnosis
– by design, these studies could not exclude the possibility that
EBV infection occurred soon after MS. On the other, it has
been argued that higher anti-EBNA1 titres could result from
an immune dysregulation preceding the onset of neurological
symptoms of MS.

Only recently have these alternative explanations been refuted
and compelling evidence has been provided that EBV causes
MS. This demonstration relied on the longitudinal investigation
of a cohort comprising over 10 million young adults (26). At
the time of recruitment, about 5% of these individuals were
EBV seronegative, thus providing a unique setting to investigate
the temporal relation between EBV infection and MS risk.
The results were striking – MS risk remained close to zero in
EBV negative individuals but increased 32-fold after infection
with EBV. In contrast, no increase in MS risk was found
after infection with cytomegalovirus, which, like EBV, is mostly
transmitted by saliva. Further, serum levels of neurofilament light
chain (NfL), a sensitive, albeit not disease-specific, biomarker of
neuroaxonal degeneration, were used to examine the temporal
relation between EBV infection and the beginning of the putative
pathological process leading to MS. Serum NfL levels increased
up to 6 years before the clinical onset of MS and can thus
be used as a marker of the time of potential disease initiation
(26). Serum NfL levels in individuals who went on to develop
MS were similar to those of individuals who remained healthy
before and around the time of EBV seroconversion but increased
after EBV seroconversion. This finding demonstrates that EBV
infection precedes the earliest sign of the probable pathological
process leading toMS. In the same investigation, the concern that
non-specific immune dysregulation could explain the association
between EBV, and MS was further examined by conducting
a comprehensive agnostic search of the anti-virome antibody
response using VirScan, a phage-based immunoprecipitation
and sequencing technology (55). This search, conducted using

pre- and post-onset serum samples from 30MS cases and
30 closely matched controls, revealed that only EBV-derived
peptides elicited stronger responses in MS cases than controls.

The biological plausibility (56), temporal sequence, and
particularly the strength of the EBV-MS association, which
virtually exclude confounding by any known or hypothetical risk
factor, support the conclusion that EBV is the leading cause of
MS (57).

Current Status of EBV Vaccines
Two types of EBV vaccines are under development; a
prophylactic vaccine to prevent infection or disease, and
a therapeutic vaccine to treat persons with EBV-associated
cancers (Table 2). The prophylactic vaccine furthest along in
clinical trials contains the major viral glycoprotein gp350
(58), which is important for virus attachment to B cells, in
alum/monophosphoryl lipid A adjuvant. In a phase 2 study
the vaccine reduced the rate of infectious mononucleosis by
78% but did not prevent EBV infection (59). A phase 1 study
of an EBV peptide, derived from EBNA3A, in tetanus toxoid
and oil and water emulsion, showed a trend in reduction of
infectious mononucleosis (60). More recently, several other
vaccines have been tested in small animal models and some
in non-human primates. These vaccines contain gp350 or
other viral glycoproteins including gH/gL and/or gB, which are
required for fusion of the virus to B cells and epithelial cells,
and gp42, which is essential for the virus to fuse to B cells.
Vaccine formats have included display of gp350 or gH/gL/gp42
on ferritin nanoparticles in Sigma Adjuvant System (61, 62),
trimeric recombinant gB and gH/gL in alum and CpG (63),
Newcastle disease virus-like particles with gp350, gH/gL/gp42
or gB in alum/monophosphoryl lipid A (64), and EBV virus-
like particles deleted for certain EBV latent and lytic genes
(65). Vaccination of small animals with each of these vaccines
induced EBV neutralizing antibodies to B cells and/or epithelial
cells, and antibodies elicited by some of these vaccines inhibited
EBV-mediated glycoprotein fusion to B cells and epithelial
cells. In January 2022, Moderna initiated a clinical trial of
an mRNA vaccine containing EBV gp350, gH/gL, and gp42
[clinicaltrials.gov NCT05164094 (66)]. A clinical trial of a gp350
ferritin nanoparticle vaccine in Matrix-M1 began in 2022 at the
NIH [clinicaltrails.gov NCT04645147 (67)]. While the ultimate
goal of a prophylactic vaccine would be to prevent infection with
the virus, the vaccine might not completely block infection but
instead, reduce EBV associated diseases including malignancies
and autoimmune diseases associated with the virus.

To prevent the development of EBV-associated diseases,
vaccines designed to also harness T cell responses to the viral
proteins could be employed to generate antiviral T cells alongside
the neutralizing antibodies. T cells that target EBV structural
proteins that are delivered into the cells as pre-formed virion
components could eradicate the newly infected cells before they
express growth transforming viral latency proteins; thus, such
vaccines might prevent the establishment of a permanent latent
infection. Indeed, T cells have been identified that recognize
epitopes from structural proteins in newly infected B cells,
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including gp350, gH, gL and gB (68) as well as tegument and
capsid proteins (68, 69).

Importantly, therapeutic vaccine strategies can also be
employed to treat individuals with EBV-associated diseases by
boosting the existing antiviral T cell responses or even inducing
novel antiviral responses. The advantage to such strategies is
their exquisite tumor-specificity that allows the cancer to be
targeted with minimal risk to normal tissue. In such trials, EBV
proteins expressed in latently infected tumor cells such as EBV
nuclear antigens (EBNAs) or latent membrane proteins (LMPs)
have been used as vaccine targets. The initial therapeutic vaccine
trials in nasopharyngeal carcinoma (NPC) patients employed
autologous monocyte-derived dendritic cells (DCs) loaded with
LMP2 CD8+ T cell epitope peptides. The first trial showed
that 9 out of 18 vaccinated patients exhibited an increase in
circulating LMP2-specific T cells, of whom 2 had partial clinical
responses (70); similarly, the second trial showed increased
circulating LMP2-specific T cells in 7 out of 16 vaccinated
patients but no clinical responses (71). Importantly, these trials
only used a limited number of pre-defined LMP2 CD8+ T
cell epitopes, so to expand the range of T cell specificities an
alternative approach using autologous DCs transduced with an
adenovirus expressing truncated LMP1 and full-length LMP2
was employed. However, patients on this trial had been heavily
pre-treated with cytotoxic chemotherapy and no expansions in
T cell responses were observed, yet out of 12 patients, one
partial clinical response and two instances of stable disease
were achieved (72). Since these DC-based vaccination trials
were initiated, non-cell based therapeutic vaccines have been
developed that employ recombinant viral vectors expressing
EBNA1, LMP1 and/or LMP2 and have undergone clinical trials
in NPC patients. An initial phase 1 trial using an adenoviral
vector expressing LMP2 induced a dose-dependent increase in
the number of LMP2-specific CD3+ CD4+ T cells (73). In phase
1 trials of a modified vaccinia Ankara (MVA) virus expressing the
carboxyl terminus of EBNA1 fused to full-length LMP2 designed
to induce both CD4+ and CD8+ T cell responses respectively, a
two-fold increase in the T cell response to one or both of the EBV
proteins was observed in NPC patients from Hong Kong (74)
and the UK (75). Furthermore, the vaccination boosted a broad
range of CD4+ and CD8+ T cell responses against EBNA1 and
LMP2. Since portions of EBNA1 have been reported to mimic
cellular proteins resulting in cross-reacting antibodies that could
affect the nervous system (76), these portions of EBNA1 might
be deleted from a vaccine to reduce the risk of inducing an
immune response to these cellular proteins. To summarize, while
therapeutic vaccines have had modest clinical activity, relatively
few studies have been performed and many of the patients had
previously received cytotoxic chemotherapy which would likely
impair their response to vaccines.

Potential Benefits of EBV Vaccines in the
Prevention of MS
EBV is not only causally linked to MS, but is considered to
play a potentially causal role in other autoimmune disease such
as systemic lupus erythematosus (SLE) (77) and is associated

with several malignancies including nasopharyngeal carcinoma,
gastric carcinoma, and Burkitt, Hodgkin, and other lymphomas
(78). EBV’s oncogenic potential has resulted in an emphasis
on developing vaccines that induce sterilizing immunity with
the objective of preventing EBV infection (79, 80). However,
it is debatable whether sterilizing immunity is necessary for
preventingMS. EBV-associated infectious mononucleosis (IM) is
a stronger risk factor than asymptomatic EBV infection for MS
(43, 81, 82). High titres of anti-EBNA EBV antibodies at least in
part represent a risk factor different from IM (83). High antibody
titres to EBNA1 are associated with a greater MS risk and may
indicate an inability to control EBV viral loads. This may be
due to the MS-associated HLA DR15 haplotype, which may be
associated with reduced control of EBV. In a humanized mouse
model of EBV infection, theMS-associated HLADR15 haplotype
was associated with higher EBV viral loads (84). Therefore, non-
sterilizing immunity from a vaccine that protects against IM and
reduces immune responses to EBNA1, but not EBV infection,
may be sufficient to reduce the incidence of MS and other
autoimmune diseases.

CONCLUSIONS

An EBV vaccine to prevent IM in adolescence or young
adulthood is the most likely population-based vaccine strategy
to be tested and adopted. Based on the recent experience
with COVID-19 vaccines the general population is likely to
be risk-averse when it comes to the potential uptake of a
new EBV vaccine (85). Therefore, it is likely that an EBV
vaccine will be targeted at 12–13-year-olds, piggybacking on
the HPV vaccine program. Although seroprevalence rates vary,
over 50% of children in the general population will have already
seroconverted by the age of 5 (86). This is arguably why an EBV
vaccine will have to target a younger age group, e.g., 2–3 years
of age before children are exposed to much horizontal transfer of
EBV. For vertical transmission, i.e., mother-to-child transmission
that occurs in lower-income environments, vaccination may
have to occur even earlier. This is relevant for using an EBV
vaccine to prevent some cancers such as Burkitt lymphoma and
nasopharyngeal cancer.

Once a population-based primary EBV vaccination has been
adopted, national registry studies will need to be done to track the
incidence of MS, other autoimmune disease and EBV-associated
lymphomas and cancers in EBV-vaccinated and unvaccinated
people to see a delayed effect of the vaccine. With MS being a
delayed consequence of EBV infection with the average age of
onset being approximately 30 years of age this study will take a
decade or more to deliver an answer.

In high-prevalence countries where MS has an annual
incidence of 7.5 per 100,000 person-years, for a vaccine to
reduce the incidence by two-thirds, preliminary estimates are
that over 500,000 subjects would be needed (87). A registry of
vaccinated individuals could be used for a matched cohort study,
in which the exposure is EBV vaccination, and the outcome is
MS. A two-sided test of whether the hazard ratio is one with
an overall sample size of 512,138 subjects (of which 256,069 are
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in the control group and 256,069 are in the treatment group)
achieves 80% power at a 0.05 significance level when the hazard
ratio is actually 0.33 (a 67% reduction). The number of events
required to achieve this power is 25.5. It is anticipated that
proportions of subjects having the event during the study is
0.000075 for the control group and 0.00002475 for the vaccine
group (rate 1/3 of the 7.5 per 100,000 incidence). These results
assume that the hazard ratio is constant throughout the study
and that Cox proportional hazards regression is used to analyze
the data.

Targeting EBV-negative older people at high risk of gettingMS
would potentially be quicker. However, making it through the
early lifespan and not being infected may enrich for a selection
bias that reduces the incidence. By being older the lag time to
expected to MS development is shorter. While the duration of
the study might be shortened, the sample size to establish the
reduced incidence would remain essentially at 500,000 and since
80 to 95% of individuals are EBV-positive by age 20, the amount
of screening necessary would involve over 3 million subjects to
obtain the eligible randomized cohort assuming 100% consent to
enroll. One proposal is to recruit first and second-degree relatives
of people who have MS as these people will be more likely to
volunteer for the study. As with the general population study
above, the majority of older relatives >16 years of age would
have already been infected with EBV and those destined to get
MS may already have subclinical disease. However, just as older
and immunosuppressed people benefit from the VZV vaccine in
preventing shingles, EBV-seropositive people may benefit from
the EBV vaccine as well.

Immunological data suggest that people with MS have a
problem controlling EBV and have elevated antibody titres
against EBNA1 (52). They have more EBNA1 reactive CD4+
T-cells (88), which respond to a larger repertoire of epitopes
distributed across the EBNA1 protein (88). In comparison, T-
cells from healthy controls only react to the immunodominant
portion of the protein (89). It has also been shown that the
poor control of EBV in persons with MS is due to cytotoxic
CD8+ T-cells being exhausted and poorly responsive to EBV
(90, 91). This is the rationale for the use of autologous and
HLA-restricted allogeneic CTLs as a treatment for MS (92, 93).

It is, therefore, possible that an EBV vaccine may stimulate
immunity to overcome this T-cell exhaustion and reduce the
chances of someone developing MS by improved control of
EBV. Therefore, there is a strong argument to vaccinate all-
comers. In reality, a study of older EBV seronegative high-risk
individuals is not feasible. Based on vaccinating all-comers with
an assumption that the familial incidence of MS is 300 per
100,000, for 90% power and a 3-fold reduction in the incidence
from 300 to 100 per 100,000 a sample size of about 43,000
is required.

In summary, the more pragmatic approach would be doing a
matched case-control study using a registry of EBV vaccinated
individuals with the outcome being MS and in parallel an all-
comer trial, agnostic of EBV status, in high-risk first- and second-
degree family members using first clinical event compatible with
demyelination as the primary outcome.
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