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Abstract

Background Epstein—Barr virus (EBV) is implicated as a necessary factor in the development of multiple sclerosis (MS)
and may also be a driver of disease activity. Although it is not clear whether ongoing viral replication is the driver for MS
pathology, MS researchers have considered the prospect of using drugs with potential efficacy against EBV in the treatment
of MS. We have undertaken scientific and lived experience expert panel reviews to shortlist existing licensed therapies that
could be used in later-stage clinical trials in MS.

Methods A list of therapies with anti-EBV effects was developed from existing reviews. A detailed review of pre-clinical
and clinical data was undertaken to assess these candidates for potential usefulness and possible harm in MS. A ‘drug-CV’
and a plain language version focusing on tolerability aspects was created for each candidate. We used validated criteria to
score each candidate with an international scientific panel and people living with MS.

Results A preliminary list of 11 drug candidates was generated. Following review by the scientific and lived experience
expert panels, six yielded the same highest score. A further review by the expert panel shortlisted four drugs (famciclovir,
tenofovir alafenamide, maribavir and spironolactone) deemed to have the best balance of efficacy, safety and tolerability for
use in MS.

Conclusions Scientific and lived experience expert panel review of anti-EBV therapies selected four candidates with evidence
for efficacy against EBV and acceptable safety and tolerability for potential use in phase III clinical trials for MS.

Infection with Epstein—Barr virus (EBV) is necessary for Multiple sclerosis (MS) is a complex immune-mediated,
the development of multiple sclerosis (MS). neurodegenerative condition with protean manifestations. It
arises as the result of genetic and environmental factors includ-
ing Epstein—Barr virus (EBV) infection, low vitamin D and/
or sun exposure, smoking and obesity [1-3]. Risk of MS is

Four antiviral drug candidates were identified for poten-
tial repurposing in clinical trials in MS.

These were selected by people with MS and scientific associated with a history of infectious mononucleosis (IM),
expert panels on the basis of safety, tolerability and evi- [4] in particular at a later age [5]. There is a linear relationship
dence for activity against EBV. between the age at which IM develops and the age of onset

of MS with a latency of 10 years [6]. Serological evidence of
infection with EBV (the commonest cause of IM) is essentially
universal in adults with MS, compared with 90% of the general
adult population [7]. MS is associated with higher titres of
antibodies to Epstein—Barr nuclear antigen 1 (EBNA1) [8].
Extended author information available on the last page of the article A recent study of US military personnel confirmed the strong
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association between EBV and MS and provided arguments that
the association is causal [9]. Thus, the evidence now suggests
that EBV is likely ‘essential, but insufficient’ to cause MS.

EBV is a gamma herpesvirus that, following acute infec-
tion, enters a latent phase within B cells and persists for life.
EBYV can also infect T cells, epithelial cells and natural killer
cells, albeit at lower efficiency. EBV-infected B cells can be
found in the brains of people with MS [10] and there is enrich-
ment of these cells in cortical lesions of people with progres-
sive MS [11], although not all studies have found this to be the
case [12, 13].There is also evidence for molecular mimicry
between EBNA1 and several antigens present in the central
nervous system (CNS) [14-16]. EBV gains access to human
tissue via B cell-specific binding proteins (gp350, gH/gL, gp42
and gB). Complement receptor 2 on B cells is used by gp350
to gain entry and EBV can also use HLA class II molecules
as entry receptors [17]. Following the resolution of acute
infection and lytic phase replication, the virus enters a latent
state in B cells where additional antigens (including EBNAT)
are produced, but only when dividing [18]. This latent phase
assists EBV in evading the immune system throughout the life
of the infected individual. Importantly, reactivation of lytic
phase replication from latent virus may also occur periodi-
cally, associated with expression of BZLF-1 and BRLF-1 open
reading frames (ORF). Accordingly, expression of the former
in MS lesions along with CD8 T cells targeting the antigen is
noteworthy [19].

Understanding the link between EBV and MS has led to the
investigation of multiple strategies to target EBV through anti-
viral medications [20], vaccines [21] and T cell therapy [22].
Given the considerable costs and timeframe involved in new
drug discovery, repurposing existing drugs for new indications
is an attractive strategy to accelerate treatment development.
A recent systematic review highlighted the low quality of evi-
dence for antiviral treatment of acute IM emphasising the need
for further research, and for carefully designed clinical trials of
antivirals for EBV-related diseases going forward [23].

In this paper we describe a systematic approach to iden-
tify and select repurposed drugs with anti-EBV effects
for the treatment of MS. This initiative was undertaken in
response to a specific call for funding from the Medical
Research Future Fund in Australia for a phase III clinical
trial of putative anti-EBV therapy in MS. The aim was to
identify the most appropriate drugs for potential use in late
phase clinical trials in MS with respect to both efficacy and
tolerability.

2 Methods
Between 3 June 2022 and 12 December 2022, a scientific

committee comprising national and international experts
in neurology, neuroscience, virology and immunology was
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convened to undertake a systematic process of treatment
selection (Fig. 1). This process aimed to select drugs with
efficacy against EBV that could be evaluated in a phase III
clinical trial in people with MS. The specific objective was
to ‘accelerate the development or repurposing of therapeutic
candidates (including antivirals) to treat EBV to prevent or
treat conditions, such as MS’.

A preliminary list of putative candidate treatments
was generated through a review of published literature on
agents that have, at a minimum, in vitro activity against
EBV. It was deemed expeditious to utilise two recent
reviews to generate this preliminary list [20, 24]. Further
characteristics prioritised at this stage included in vitro

Preliminary list of
anti-EBV drugs
based on published
literature

Drug CVs compiled
(11 drugs)

I
I I
Scientific committee
meeting - drug CVs
presented and
scored
[ J
I

Scientific and
consumer scores
collated

Consumer scoring

Short list of drugs
(11 drugs)

Final list of trial-
ready drugs

(4 drugs)

Fig.1 Summary of the process of selecting repurposed anti-EBV
drugs for treatment of MS. See text for details of ‘drug CV’. CV, cur-
riculum vitae; EBV, Epstein—Barr virus; MS, multiple sclerosis
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efficacy against EBV, ability to cross the blood—brain bar-
rier (BBB) and existing evidence in people with MS. The
BBB is a multi-layered filtering system which normally
protects the brain from the passage of large molecules and
immune cells [25]. For efficacy against the pial lymphoid
tissue, high CNS and BBB penetrance would be desirable.
Drugs that were not yet licensed for other indications and
would not be suitable for a phase III clinical trial were
excluded. Disease-modifying therapies already licensed
for MS were also excluded as they would not yield new
therapies for MS.

A detailed ‘drug CV’ (a ‘curriculum vitae’ summa-
rising the approved indications, molecular mechanistic
target, evidence for anti-EBV effects, dosage, formula-
tion, pharmacological properties, BBB penetrance, side
effects, interactions, contraindications and cost) for each
compound on the preliminary list was compiled by two
scientific committee members (V.L. and F.M.). This com-
prised information on existing indications, regulatory sta-
tus, molecular or mechanistic target, evidence from pre-
clinical studies, evidence in MS, dosage, formulation and
administration, pharmacokinetics and pharmacodynamics,
CNS penetration, adverse effects and relevant drug interac-
tions, adjustments in renal or hepatic failure, contraindica-
tions, monitoring requirements, safety in pregnancy and
breastfeeding, side effect profile and cost.

The drug CVs were distributed to the scientific com-
mittee and each candidate agent presented at a workshop.
Each drug was scored on the basis of its efficacy and
safety, with an overall evaluation based on readiness to
be taken to phase III clinical trials in MS. People with
lived experience of MS also participated in the drug selec-
tion process. The group comprised six national advocates
of MS Australia, the national peak body supporting MS
research and advocacy. Advocates were selected as experi-
enced participants in MS research studies with high health
literacy.

A detailed survey was developed for the Lived Expe-
rience Panel. This contained information on the ration-
ale for treating EBV in MS and plain language explana-
tions of the currently approved therapeutic indication in
Australia, potential side effects (very common, > 10%;
common, 1-10%; uncommon, < 1%; and rare but seri-
ous, < 0.1%) and route of administration for each of the
drugs. The survey was administered online using Survey
Monkey® (Momentive®; Waterford, NY, US) from 3 to 10
January 2023.

The scores from the scientific committee and lived
experience panel were collated to generate a final short-
list of drugs. These were reconsidered by the scientific
committee, taking into consideration pharmacokinetics,
feasibility, cost and potential trial designs leading to a final
shortlist.

3 Results

3.1 Summary of Evidence for a Preliminary List
of Drugs

The pre-existing literature yielded 11 potential drugs [20,
24]. The mechanisms of action, evidence for anti-EBV
effect, BBB penetration and evidence in treating MS, and
key side effects are summarised in Table 1. There were
drugs in development specifically targeting the latent phase
of EBV (e.g. EBNAI1 inhibitors), but none of these were at
a stage of development suitable for evaluation in phase III
clinical trials. Existing disease modifying therapies for MS
with potential anti-EBV effects (e.g. teriflunomide) were
similarly excluded on the basis that these drugs already have
proven efficacy in MS and have an approved indication for
MS.

3.1.1 Mechanisms of Action and Anti-EBV Effects

All the selected treatments had evidence of in vitro effec-
tiveness against EBV. Most of the anti-viral drugs were
indicated primarily for other herpesvirus infections. These
predominantly act by targeting the viral DNA polymerase,
thereby preventing DNA replication. However, the in vitro
anti-EBV effects of these drugs were typically lower than the
activity against alpha herpesviruses, such as herpes simplex
or varicella. Maribavir, which is licensed for cytomegalo-
virus (CMV) infection, had higher anti-EBV activity than
aciclovir, cidofovir, ganciclovir and foscarnet [26].

By contrast, tenofovir disoproxil fumarate (TDF) and
tenofovir alafenamide (TAF) are licensed, either alone or
in combination, for the treatment of chronic hepatitis B
and human immunodeficiency virus (HIV). Spironolactone
is indicated for treating cardiac failure, hyperaldosteron-
ism, hypertension and nephrotic syndrome. TDF, TAF and
spironolactone inhibit late lytic EBV replication (Table 1
and discussed below).

3.1.2 BBB Penetration

Data on BBB penetration was variable, with limited pen-
etration reported for cidofovir and tenofovir (5% of plasma
concentrations), a mean of 31% for aciclovir and 20% for
valaciclovir (though valaciclovir has two to three times the
bioavailability of aciclovir) [31, 36, 49], and comparable
levels for ganciclovir/valganciclovir [49, 50]. Penciclovir,
for which famciclovir is the prodrug, was detectable in the
brain in rodent models, reaching 41.5% of the concentration
in muscle after 5 h [41]. Penetration coefficient was variable
for foscarnet, ranging from 5 to 72% after a single infusion,
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Anti-EBV Drugs for MS

and depended on the integrity of the blood—brain barrier
[41]. Evidence was mixed or inconclusive for spironolactone
and maribavir.

3.1.3 Evidence in Treating MS

The evidence for efficacy in people with MS was limited.
Aciclovir and valaciclovir had been tested in a small number
of randomised controlled trials in MS (Table 1). There have
been no studies of famciclovir, ganciclovir, valganciclovir,
cidofovir or foscarnet targeting EBV in MS. A small number
of case reports describe the use of cidofovir and foscarnet
in people with MS to treat other viral infections (varicella
zoster virus, human herpes virus 6, John Cunningham virus).

3.2 Scoring of Drugs on the Preliminary List

Results of scoring by 15 members of the scientific com-
mittee, based on efficacy against EBV, evidence in MS,
and administration/toxicity are shown in Fig. 2 (raw data
in Online Resource 1), with most drugs scoring 1 out of 2
on both criteria. Notably, maribavir scored most highly in
terms of anti-EBV effect, but has not been tested in people

Score (0-2 per criterion)

with MS. The Lived Experience Panel survey response and
tabulated data are given in Online Resource 2 and 3.

3.3 Lived Experience Review

In total, six drugs achieved the maximum score of 2, whilst
ganciclovir, cidofovir and foscarnet were scored O on the
basis of their adverse side effect profiles, significant tox-
icities and intravenous administration (Fig. 2). Tenofovir
disoproxil fumarate, which has a greater likelihood of bone
and renal side effects, was also rated lower than tenofovir
alafenamide due to safety concerns. There was good con-
cordance between the scientific and lived experience review-
ers regarding acceptability of route of administration.

3.4 Final Selection

Combining the scientific and lived experience scores pro-
duced six drugs which all scored 6 out of 8: aciclovir, valaci-
clovir, famciclovir, maribavir, spironolactone and tenofovir
alafenamide. The list was reviewed again by the scientific
committee before a final selection was made to prioritise
famciclovir, maribavir, spironolactone and tenofovir alafena-
mide for consideration in clinical trials of MS.

s PwMS - tolerability

O Scientific/pwMS - administration
o Scientific - MS efficacy

m Scientific - anti-EBV efficacy

.

|
|
]

Fig.2 Scoring of anti-EBV drugs by the scientific committee based
on evidence of efficacy against EBV in MS, and by people with MS
on route/convenience of administration for participating in trials

& © & Q >
Q8 S o S
o) 3 X0 (<
N <~ N 4
2 2 O O
\\,&Q )

of these agents. EBV, Epstein—Barr virus; MS, multiple sclerosis;
pwMS, people with multiple sclerosis; TAF, tenofovir alafenamide;
TDF, tenofovir disoproxil fumarate
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3.4.1 Famciclovir

Compared with aciclovir and valaciclovir, famciclovir was
chosen because of its greater bioavailability, higher intracel-
lular concentration and greater persistence in infected cells
[102]. Famciclovir is a prodrug that is phosphorylated to
the active metabolite penciclovir triphosphate. Penciclovir
is phosphorylated by herpesvirus thymidine kinase, which is
only found in herpesvirus-infected cells. Penciclovir inhibits
EBYV replication in cell culture [37] and brain concentrations
in rats were 41.5% of the concentration in muscle 5 h after
administration [41]. The related drug aciclovir has been used
for the treatment of severe acute EBV infection [29], and
famciclovir has been reported in one case to successfully
treat overwhelming IM [38].

A randomised, double-blind, placebo-controlled trial
of valaciclovir (the prodrug of aciclovir) in MS has shown
a reduction in the number of new active lesions on MRI
in those with active disease, although formation of active
lesions in patients with RRMS who had two or more relapses
during previous 2 years was not reduced [34]. Trends
towards a reduction in annualised relapse rate and EDSS pro-
gression were also seen with valaciclovir treatment [35]. An
analysis of salivary EBV DNA in people with MS found a
significant reduction in proportion of people with detectable
levels after 24 weeks of valaciclovir treatment [103]. A ran-
domised double-blind, placebo-controlled trial of aciclovir
showed a trend towards reduction in annualised relapse rate,
which when dichotomised to low or high relapse rate became
statistically significant [30]. A small phase II add-on trial of
500 mg of famciclovir administered twice daily to existing
disease-modifying therapy for 12 weeks in relapsing-remit-
ting MS to assess effects on viral shedding, viral load and
anti-EBV serology has been completed (NCT05283551).
While no significant effect of famciclovir on salivary EBV
shedding was seen compared with untreated epochs (10/21 at
baseline; 7/21 on-treatment), shedding in this natalizamab-
treated cohort was lower than those reported in previous
studies and the study requires replication [40]. Salivary EBV
shedding is primarily an indicator of lytic EBV activity and
may not be the most appropriate measure of latent EBV load.
However, it does provide an indication of anti-EBV effect
and alternatives are problematic. EBNAI1 titres are of uncer-
tain relevance and direct detection of EBV DNA in blood
is technically very challenging in the latent infection stage.

3.4.2 Maribavir

Maribavir does not target the viral DNA polymerase, but
rather its inhibitory effects are mainly produced through
inhibition of the HCMV and EBV protein kinases [84]. It
has more specific antiviral properties and fewer adverse side
effects compared with other currently approved anti-human

A\ Adis

CMV drugs [26]. It has marked activity against EBV through
a unique dual effect, comprising inhibition of viral DNA rep-
lication and multiple viral transcripts.

3.4.3 Spironolactone

Spironolactone inhibits EBV replication in the late lytic
phase by blocking SM protein [96]. This occurs as a result of
inhibition of xeroderma pigmentosum group B-complement-
ing protein, a component of human transcription factor Il H
which EBV recruits in the transcription of several late lytic
proteins [97]. In a case report, spironolactone was effective
in controlling EBV in a case of non-HIV acquired immuno-
deficiency syndrome [104]. In a pilot study of nine people
with MS, a combination of spironolactone and aldosterone
was effective in improving symptoms [105].

3.4.4 Tenofovir Alafenamide

Tenofovir is an acyclic nucleotide analogue that inhibits
EBYV lytic DNA replication in vitro and is more potent than
aciclovir. Tenofovir alafenamide, the prodrug of tenofovir,
inhibits transcription of late lytic EBV viral genes [87].
Compared with tenofovir disoproxil fumarate, it has fewer
bone and renal side effects, and reaches higher concentra-
tions in peripheral blood mononuclear cells. A recent review
of eight published cases of people with MS and human
immunodeficiency virus (HIV) found a marked reduction
in relapse rates and new lesions during periods in which
they were treated with tenofovir prodrugs, including teno-
fovir alafenamide [88]. A phase II clinical trial of tenofovir
alafenamide versus placebo in combination with ocreli-
zumab or rituximab in RRMS had been proposed but was
later withdrawn owing to lack of funding (NCT04880577).
A phase II clinical trial of tenofovir alafenamide in MS is
currently actively recruiting.

4 Discussion

Through a systematic approach incorporating international
experts from a wide range of fields and people with MS, we
have determined that the most appropriate anti-EBV agents
to trial in MS are famciclovir, maribavir, spironolactone and
tenofovir alafenamide. Maribavir appears to be the most
potent against EBV and maribavir and spironolactone may
have the greatest potential effect on the latent phase of EBV.
All were deemed to be acceptable in terms of their toler-
ability and side effect profile. Spironolactone is inexpensive,
famciclovir and tenofovir alafenamide are intermediate in
cost. Maribavir is the most recently licenced and its cost
may prove prohibitive for longer duration studies without
commercial sponsorship.



Anti-EBV Drugs for MS

Our treatment selection process for anti-EBV agents was
based on the systematic approach established by the UK MS
Society expert consortium for progressive MS clinical trials
to test repurposed treatments in an adaptive platform trial
[106]. Given the smaller number of candidate drugs, we only
undertook one round of review and voting to shortlist the
treatments to be taken forward. Engaging people with lived
experience of MS was a critical element and strength of our
approach. Scores from people with MS on safety and admin-
istration made up 50% of the total score for each drug. This
aspect of the selection process is critical to ensure potential
participants are willing to take the selected treatments and
minimise dropouts. The limitations of this study are that
prior reviews of potential drugs with activity against EBV
were used to formulate our initial list of candidate drugs,
rather than conducting a fresh literature review. As a result,
some potential drugs of interest may have been missed. Our
rating scale for putative drug efficacy was rather blunt and
may have failed to separate drugs effectively. However, the
feeling of those reviewing the evidence was that in the qual-
ity of the evidence was mixed and more fine-grained deter-
minations would not have been appropriate. In addition, it
was felt important to balance efficacy with consumer accept-
ability in an equitable manner.

Whilst EBV may be essential to develop MS, its role in
ongoing disease activity is unknown. The concept of using
anti-EBV drugs to treat MS is predicated on the assumption
that EBV replication or persistence of latently infected auto-
reactive B cells contributes to persistent neuroinflammation
in people with MS. There is currently no evidence to support
this hypothesis. The drugs being considered all primarily
act on the lytic phase of EBV and therefore may have no
effect on latent-EBV infected B cells in blood or the brain.
Any trial of anti-EBV therapy in MS could fail owing to
either the drug being ineffective against EBV or suppression
of EBV replication having no effect on CNS inflammation.
Ultimately, EBV may simply act as a trigger and have no
discernible effect on further disease activity [107].

The optimal clinical trial design to test anti-EBV thera-
pies in MS is yet to be determined. A preventive approach
targeting the earliest stages of MS (clinically isolated syn-
drome) when T cell responses to EBV remain relatively
high [108] may be appropriate. Evidence for sequestration
of autoreactive, EBV-infected, B cells within lymphoid tis-
sue in the CNS as a primary driver of continuing low-grade
inflammation and disability would support use in progres-
sive forms of MS [11]. There is growing evidence for the
role of EBV in causing fatigue both in MS and in other con-
ditions [109], making such symptoms a suitable substrate for
monitoring treatment response. Given significant differences
between anti-EBV therapies in their in vivo pharmacoki-
netics, drug metabolism and mechanism of action, clinical
studies should seek to evaluate multiple candidates as the

requirements for an antiviral drugging EBV in MS remain
unknown. A further consideration is the choice of sensitive
and reliable markers of anti-EBV effect. EBNA-1 antibody
titres and salivary EBV DNA have been determined to be
suitable measures of EBV activity [110]. These measures
have been used in previous studies of people with MS, such
as teriflunomide which reduced salivary EBV shedding over
3 months [111], and was associated with less cortical atro-
phy in people with the greatest reductions in EBNA-1 IgG
titres over 12 months [112]. If specific medications are suc-
cessful in future clinical studies, these may allow explora-
tory development of novel biomarkers for EBV in MS.

5 Conclusions

We have outlined a multidisciplinary, evidence-based pro-
cess, informed by the lived experience of MS throughout,
to identify promising drugs with anti-EBV effects that are
ready to be evaluated in a clinical trial with the potential to
be repurposed for treatment of MS. This information can be
used to inform treatment selection for future clinical trials
of anti-EBV therapy in EBV related diseases, such as MS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40263-024-01153-5.
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