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Abstract
In the recent past, a plethora of drugs have been approved for the treatment of multiple sclerosis (MS). These therapeutics 
are mainly confined to immunomodulatory or immunosuppressive strategies but do not sufficiently address remyelination 
and neuroprotection. However, several neuroregenerative agents have shown potential in pre-clinical research and entered 
Phase I to III clinical trials. Although none of these compounds have yet proceeded to approval, understanding the causes of 
failure can broaden our knowledge about neuroprotection and neuroregeneration in MS. Moreover, most of the investigated 
approaches are characterised by consistent mechanisms of action and proved convincing efficacy in animal studies. There-
fore, learning from their failure will help us to enforce the translation of findings acquired in pre-clinical studies into clinical 
application. Here, we summarise trials on MS treatment published since 2015 that have either failed or were interrupted 
due to a lack of efficacy, adverse events, or for other reasons. We further outline the rationale underlying these drugs and 
analyse the background of failure to gather new insights into MS pathophysiology and optimise future study designs. For 
conciseness, this review focuses on agents promoting remyelination and medications with primarily neuroprotective proper-
ties or unconventional approaches. Failed clinical trials that pursue immunomodulation are presented in a separate article.
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Key Points 

Innovative study designs with integrated clinical scores 
and longer observation periods are needed to depict 
neuroregenerative and neuroprotective effects.

In particular, add-on trials combining promising neurore-
generative compounds with highly effective monoclonal 
antibody therapies could be favourable approaches.

Age-dependent effects, as well as the influence of dis-
ease duration, need to be taken more into account in the 
design of studies evaluating neuroprotective and neurore-
generative agents.

1 Introduction

The therapy of multiple sclerosis (MS) has experienced 
breakthroughs during the past 25 years, with many new 
agents being approved and multiplying therapeutic options 
for patient care [1]. The vast majority of these drugs were 
designed to modulate immune cell functions, predominantly 
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benefitting patients with relapsing-remitting MS (RRMS). 
However, about 10–15% of patients show a primary chronic-
progressive disease course (PPMS), and also in RRMS, a 
transition into secondary progressive MS (SPMS) frequently 
occurs [2]. The conversion to progressive MS is accom-
panied by a shift from neuroinflammation-driven disease 
pathogenesis towards neurodegeneration [3]. Consequently, 
the efficacy of immunomodulatory treatment is attenuated in 
patients with progressive disease courses [4, 5]. Thus, thera-
peutics supporting neuroregeneration are urgently required. 
These approaches likely include strategies that promote 
remyelination through inducing proliferation and differen-
tiation of oligodendrocyte precursor cells (OPCs) as well as 
the survival of mature oligodendrocytes [6]. Beyond remy-
elination, neuroregeneration can also be achieved by agents 
providing neuroprotection. These agents target a broad spec-
trum of detrimental processes such as excitotoxicity, mito-
chondrial dysfunction, or oxidative stress [7]. Unfortunately, 
at present none of these neuroregenerative compounds has 
made its way into clinical use [8].

Nonetheless, drugs that are tested in clinical trials are 
generally based on a conclusive rationale and were exces-
sively evaluated in animal experiments. The reasons under-
lying their failure are diverse.

In some studies, insights gained from animal models were 
just not translatable to clinical trials, even though they did 
not lack a thoughtful pathophysiological rationale. In other 
cases, unexpected adverse events (AEs) occurred or meth-
odological insufficiencies obscured the potential beneficial 
effects of the investigated compounds. These limitations in 
trial design involve inappropriate study endpoints, insuffi-
cient follow-up durations, and samples biases. Therefore, 
analysis of these studies is crucial for advances in both pre-
clinical and clinical research.

This review assesses neuroregenerative and alternative 
treatment strategies in MS since 2015 that entered clini-
cal Phase I–III trials and either failed or were interrupted. 
First, we describe the mechanisms of action based on (pre-)
clinical data underlying each approach. After delineating 
the respective trial, we identify key reasons for failure and 
outline consequences for future research on autoimmune 
neuroinflammation and MS.

2  Methods

To identify relevant trials, we conducted a MEDLINE search 
for eligible articles as previously described [9]. We included 
articles that were published between 01 January 2015 and 
31 December 2020. The terms used in Medical Subject 
Headings were ‘multiple sclerosis’, ‘trial’, and ‘therapy’ or 
‘treatment’. Since trials with negative outcomes are merely 
published as abstracts or not at all, we additionally searched 

for relevant studies sourced from international conferences 
(Annual Meeting of the American Academy of Neurology 
[AAN], European/Americas Committee for Treatment and 
Research in Multiple Sclerosis [ECTRIMS/ACTRIMS]), 
consultation of national and international registries for clini-
cal trials (United States National Library of Medicine; clini-
caltrials.gov; European Union Drug Regulating Authorities 
Clinical Trials Database [EudraCT]), and personal commu-
nications with the authors. After removal of duplicates, we 
performed abstract or full text screening to further exclude 
trials on compounds that either:

 i. reached the primary study endpoint (pSE)
 ii. were intended to treat secondary complications of MS 

(e.g., spasticity, fatigue)
 iii. that were investigated in combination with other drugs 

if the other drug was not approved by the European 
Medicines Agency (EMA)/ U.S. Food and Drug 
Administration (FDA) for the treatment of MS.

If studies were conducted in cohorts with both relaps-
ing MS or acute optic neuritis (AON) and progressive MS 
patients, the compound was assigned to whichever group 
predominated in number.

The outlined search returned 6656 records, 21 of which, 
with a total of 15 distinct agents, met our inclusion criteria 
(for details on the search strategy see Fig. 1; for details on 
individual compounds see Table 1).

3  Failed Clinical Trials in Acute Optic 
Neuritis and Relapsing Multiple Sclerosis

3.1  Neuroprotective Approaches

To some degree, MS can be understood as an interplay 
of neuroinflammation and neurodegeneration [10]. Thus, 
beyond immunomodulatory treatments, there is an urgent 
need for neuroprotective therapeutics to ameliorate neuro-
degenerative processes and to delay disability progression 
in MS. Neuroprotection involves a plethora of mechanisms 
ranging from the support of trophic factors and protection 
against excitotoxicity as well as oxidative stress to restora-
tion of mitochondrial function [7, 8]. Due to this variety of 
targets, a wide spectrum of neuroprotective agents has been 
tested in clinical trials.

3.1.1  Atorvastatin

3.1.1.1 Background Hydroxymethylglutaryl-CoA reduc-
tase inhibitors (here referred to as statins) are widely used 
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agents targeting dyslipidaemia. Besides inhibition of the 
mevalonate pathway, statins were shown to prevent excito-
toxicity [11], induce the secretion of neurotrophic factors 
[12], and reduce the release of free radicals due to suppres-
sion of inducible nitric oxide synthase [13]. Beyond neu-
roprotection, statins exhibit immunomodulatory properties. 
Among these are the restriction of antigen presentation 
[14], inhibition of leukocyte migration across the blood-
brain barrier (BBB) [15], and induction of a shift of the 
inflammatory response towards T helper 2  (TH2) cells [16]. 
Considering these neuroprotective and immunomodulatory 
effects, statin treatment unsurprisingly proved convincing 
efficacy in experimental autoimmune encephalomyelitis 
(EAE) [15, 16]. Moreover, several small studies indicated a 
benefit of statins in RRMS, either alone or in combination 
with interferon-β [17–21].

3.1.1.2 Studies In 2016, the results of the ARIANNA study 
were published [22]. Enrolling 154 RRMS patients, atorv-
astatin was evaluated at a dose of 40 mg/day as an add-on 
therapy to interferon-β1b over 24 months in a double-blind, 
randomised, placebo-controlled manner. Atorvastatin failed 
to improve the pSE, i.e., the change in fractional brain vol-
ume. Also, secondary endpoints, including clinical (e.g., 
Expanded Disability Status Scale [EDSS] [23], annualised 
relapse rate [ARR]), cognitive (Rao battery test [24]), and 
magnetic resonance imaging (MRI) criteria (e.g., gadolin-
ium-enhanced lesions [GELs]) were not met.

3.1.1.3 Comment The disappointing outcome of the ARI-
ANNA study is in line with the failure of various other tri-
als investigating the role of statins in RRMS [25–28, 33]. 
Foremost, the results of the largest trial in this context, the 
SIMCOMBIN study, are remarkable [29]. In this Phase 
IV trial, treatment with simvastatin as an add-on therapy 
to interferon-β1a failed to show any benefit. In addition, 
two meta-analyses confirmed that statin treatment does not 
improve clinical or MRI parameters in RRMS [30, 31]. 
Some trials even indicated an increased rate of T2 lesions 
or enhanced clinical disease activity in patients receiv-
ing statins [18, 28–30, 32, 33]. These observations might 
depend on statin-induced detrimental processes. These 
processes might potentially even aggravate neuroinflam-
mation and degeneration. Underlying mechanisms involve 
enhanced secretion of pro-inflammatory cytokines [34] as 
well as depletion of OPCs and oligodendrocytes, thereby 
impairing remyelination [35].

Moreover, statins also mediate effects hampering their 
combination with interferon-β. Among these are the inhibi-
tion of interferon-induced phosphorylation of signal trans-
ducer and activator of transcription (STAT) 1 [36] and the 
counteraction of interferon-mediated suppression of matrix 
metalloproteinases (MMPs) [37]. Given these antagonis-
tic actions, statins might better be combined with other 
disease-modifying therapies (DMTs) to create synergistic 
effects. Since the mechanism of action of interferon-β treat-
ment is multifactorial and still not completely understood 

Fig. 1  PRISMA flow diagram 
of the reviewed literature. AAN 
American Academy of Neurol-
ogy, EU CT register European 
Union Clinical Trials register, 
ECTRIMS European Committee 
for Treatment and Research in 
Multiple Sclerosis
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[38], the investigation of promising compounds as add-on 
medications to interferon-β needs to be questioned in gen-
eral. Instead of interferon-β, the combination with a highly 
effective immunomodulatory agent characterised by a clear 
mechanism of action seems to be more suitable to assess the 
effects of neuroprotection and neuroregeneration.

Notably, simvastatin was shown to reduce brain atrophy 
by 43% in a double-blind, placebo-controlled trial, includ-
ing 140 patients with SPMS (MS-STAT) [39]. This promis-
ing outcome initiated an ongoing Phase III trial [40]. The 
convincing results of simvastatin in SPMS raise the ques-
tion if neuroprotective properties of statins might outweigh 
their anti-inflammatory capabilities. Noteworthy is a recent 
study that included patients from the ARIANNA trial and 
another study that assessed the impact of atorvastatin on 
RRMS as an add-on medication to interferon-β1a [41]. 
Forty-two patients who were allocated to placebo and 27 
participants who received atorvastatin in the initial studies 
were followed-up for about 8 years. Remarkably, the atorv-
astatin group displayed a reduced risk of EDSS progression; 
however, without significant amelioration of the relapse rate.

In conclusion, statins failed to provide benefits to RRMS 
patients in the short term. Nevertheless, long-term effects 
and the use in SPMS need to be further evaluated to confirm 
the initial positive results.

3.1.2  Lipoic Acid

3.1.2.1 Background Lipoic acid (LA) is an endogenously 
produced antioxidant, that is used, for instance, for the treat-
ment of diabetic peripheral neuropathy [42]. Anti-oxidative 
functions depend on a variety of processes. With its reduced 
form, dihydrolipoic acid, LA forms a potent redox couple 
[43]. Together, they regenerate other anti-oxidative agents 
[44], serve as chelators of metal ions [45], and improve 
mitochondrial activity [43]. Through the scavenging of free 
radicals [44], LA prevents reactive oxygen species-mediated 
dysfunction of the BBB and transendothelial monocytic 
migration [46]. Additionally, LA reduces cytokine secre-
tion, proliferation, and central nervous system (CNS) infil-
tration of T cells [47, 48]. The impact on T cells seems to 
be mediated by an intracellular increase of cyclic adenosine 
monophosphate (cAMP) [49]. Several of the mentioned 
effects were already observed in MS patients receiving LA 
[50–52]. Given the impact on inflammation and oxidative 
processes, it is not surprising that EAE experiments dem-
onstrated efficacy of LA in neuroinflammation and neurode-
generation [47, 48].

3.1.2.2 Studies Completed in 2016, a double-blind, pla-
cebo-controlled, randomised Phase I trial analysed the 
effects of LA in 31 patients diagnosed with experimental 
AON [53]. Treatment with 1200 mg/day LA or placebo was 

initiated within 14 days after diagnosis and lasted 6 weeks, 
followed by an 18-week observation period. The pSE evalu-
ated the influence of LA on retinal nerve fibre layer (RNFL) 
thickness after 24 weeks compared to baseline. LA failed to 
improve RNFL regeneration. Strikingly, the LA group even 
displayed a trend of enhanced RNFL loss compared to pla-
cebo. On top of that, the secondary outcome criteria (e.g., 
RNFL thickness after 12 weeks, changes in low- and high-
contrast visual acuity [VA]) were not met.

3.1.2.3 Comment The results from the reviewed study 
need to be interpreted with caution due to the small number 
of participants and the short follow-up period [53]. Never-
theless, the disenchanting outcome of this trial is contrary to 
the promising pre-clinical results. Of the many EAE studies 
conducted, however, only two investigated effects on AON. 
First, Chaudhary et al demonstrated an alleviation of axonal 
injury both after prophylactic and therapeutic treatment 
with LA [54]. Protection of retinal ganglion cells (RGCs) 
was also observed by Dietrich et al [55]. However, the lat-
ter study reported that this protection only improved visual 
functions when LA was administered prior to clinical mani-
festation but failed to do so when applied after disease onset. 
Further, unlike prophylactic treatment, therapeutic admin-
istration also failed to protect the inner retinal layers from 
degeneration and ameliorate inflammatory infiltration into 
the optic nerve. Therefore, LA treatment in AON might only 
be suitable when administered immediately after symptom 
onset. Unfortunately, data on the mean duration to the first 
LA dose are not given in the reviewed trial [53].

Next, pharmacokinetic characteristics of LA also impede 
its use in clinical care. Not only a short half-life but, even 
more important, strong interindividual variabilities in the 
concentration maximum and bioavailability complicate ther-
apy management [52, 56, 57]. Apart from interindividual 
variations, the application of different formulations of LA 
results in variable responses [50, 56]. Unfortunately, no data 
are given concerning the formulation used in the described 
study [53].

Beyond pharmacokinetics, the consideration of pharma-
codynamics is relevant in this context. The response to LA 
administration seems to vary between the different types 
of MS [51]. An increased cAMP response of peripheral 
blood mononuclear cells (PBMCs) upon LA administration 
was observed in SPMS patients. However, the treatment of 
RRMS patients led to reduced cAMP levels. The response 
of patients with AON to LA in terms of cAMP is unknown. 
Given the LA-induced increase of cAMP in SPMS, it should 
be mentioned that LA application reduced the annualised 
percentage brain volume change (PBVC) by 68% in patients 
with SPMS compared to placebo in a double-blind trial [58]. 
Consequently, a Phase II study in patients with progressive 
MS was started in 2018 [59]. Thus, research on LA seems to 
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be more encouraging in patients suffering from progressive 
MS rather than AON.

3.1.3  Flupirtine Maleate

3.1.3.1 Background Flupirtine maleate (here referred to 
as flupirtine) is a non-opioid analgesic drug [60]. Results 
obtained from animal models of Parkinson’s disease (PD) 
[61] and Alzheimer’s disease (AD) [62] as well as a clini-
cal trial in patients diagnosed with Creutzfeldt-Jakob dis-
ease [63] indicate neuroprotective properties of this agent. 
Flupirtine seems to stabilise the membrane potential and 
reduce excitability by activation of KCNQ-type- [64] and 
G protein-coupled inwardly rectifying potassium channels 
[65]. Indirect antagonistic effects on N-Methyl-D-aspartate 
(NMDA) receptor activity [66] and gating of γ-aminobutyric 
acid (GABA)A receptors [64] seem to further contribute to 
neuroprotection. Last, flupirtine-induced neuroprotection 
was also demonstrated in animal models. During experi-
mental AON, for instance, flupirtine treatment alleviated 
degeneration of RGCs and improved visual functions when 
used as an add-on medication to interferon-β1a [67].

3.1.3.2 Studies Including 30 RRMS patients, the FLO-
RIMS study was conducted as a double-blind Phase II trial 
[60]. Participants received either flupirtine at a daily dosage 
of 300 mg or placebo for 1 year, both as an add-on treatment 
to interferon-β1b. While the trial was originally planned 
with 80 patients, only 30 patients were randomised due to 
unspecified recruitment problems. Finally, only 12 patients 
per group completed the trial. Due to the exploratory char-
acter of this study, no pSE was defined. Treatment with 
flupirtine resulted in advantages over placebo concerning 
clinical parameters such as the number of relapses or EDSS 
progression. Moreover, the active treatment group also dis-
played a reduced occurrence of GELs. However, none of 
these observations was significant. With regard to the safety 
profile, five patients in the flupirtine group displayed ele-
vated liver enzymes leading to discontinuation in two cases.

3.1.3.3 Comment Although some non-significant trends 
indicated a mild benefit, the FLORIMS trial did not add 
reliable insights into the neuroprotective potential of flu-
pirtine due to the small number of patients attending. 
This shortage of participants was caused by problems of 
patient recruitment and reduced the power to only 59% 
in terms of changes in EDSS [60]. Unfortunately, reasons 
underlying hampered recruitment were not further defined 
but may be related to reports of severe cases of flupir-
tine-induced hepatotoxicity [68]. The drug-induced liver 
injury resulted in an endorsed withdrawal of flupirtine by 
the EMA in 2018. The mechanisms of flupirtine-mediated 
hepatic damage are not completely understood. A genetic 

association with a class II human leukocyte antigen hap-
lotype was observed, suggesting an inappropriate T cell 
response [69]. On the other hand, the formation of highly 
reactive and hepatotoxic metabolites has been discussed 
[70].

Moreover, there are still uncertainties regarding the role 
of flupirtine in neuroinflammation. Additional treatment 
with flupirtine during EAE, for instance, did not show any 
advantage compared to sole interferon-β1a administration 
[67]. In line with this observation, flupirtine did not ame-
liorate EAE symptoms when applied alone. Also, the men-
tioned protective impact of flupirtine treatment on RGCs 
during experimental AON was mediated independently from 
inflammatory processes. Thus, the selection of a RRMS 
cohort for the reviewed trial needs to be scrutinised. How-
ever, following the endorsed withdrawal by EMA, further 
research on flupirtine treatment in MS is impeded.

3.1.4  Uric Acid—Inosine

3.1.4.1 Background Uric acid (UA) is a purine metabolite 
with anti-oxidative capacities [71]. Since oral supplemen-
tation does not increase serum concentrations of UA ade-
quately, its precursor inosine can be used to raise UA levels 
[72]. UA-mediated anti-oxidation is mainly attributed to the 
scavenging of peroxynitrite [73]. Peroxynitrite is a neuro-
toxic agent that causes damage to oligodendrocytes [74] and 
contributes to BBB disruption [75]. Moreover, peroxynitrite 
is associated with plaque formation in MS [76]. Of note, 
inosine and UA proved efficacy in several EAE experiments, 
as treatment alleviated disease severity [77, 78].

Also, clinical data suggest an involvement of UA in 
MS. First, even though there are contradictory reports, a 
meta-analysis showed that serum levels of UA are reduced 
in MS [79]. Interestingly, the lowest concentrations were 
found in SPMS patients. Second, twin studies demonstrated 
decreased UA levels in the twin diagnosed with MS [80]. 
Last, an analysis of more than 20 million patient records 
revealed that the number of patients suffering both from MS 
and gout, which is characterised by an increased concen-
tration of UA, was much lower than assumed, indicating a 
preventive role of UA in neuroinflammation [77].

3.1.4.2 Studies Safety and efficacy of inosine were evalu-
ated in 36 patients with RRMS in a Phase II trial [71]. Ino-
sine at a daily dose of 3 g or placebo was administered in a 
double-blind manner as an add-on medication to interferon-
β1a. Patients were followed-up for 12 months. The pSE 
evaluated AEs and laboratory results related to UA. Unsur-
prisingly, inosine treatment elevated UA levels compared to 
placebo. Two patients treated with inosine experienced UA 
concentrations above 10 mg/dL while suffering from renal 
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colic. Ten additional patients showed asymptomatic hyperu-
ricaemia. Secondary objectives analysed clinical (e.g., num-
ber of relapses) and radiological disease activity (e.g., num-
ber of new MRI lesions). However, inosine failed to show 
any impact on these criteria.

3.1.4.3 Comment Besides the mentioned study, a benefit 
of inosine treatment in MS must be further doubted, given 
the results from a double-blind, placebo-controlled trial in 
159 RRMS patients [81]. There, inosine failed to ameliorate 
the relapse rate and disability progression. Strikingly, both 
this and the reviewed study evaluated inosine as an add-on 
treatment to interferon-β, although the latter is known to 
increase UA levels by itself [82]. Therefore, the simultane-
ous interferon-β application might have covered the benefi-
cial effects of inosine.

Further, the selection of RRMS for evaluating inosine 
treatment remains questionable. Inosine might be more 
efficient in an SPMS cohort, given that UA levels are most 
depressed in these patients [79]. Also, considering the neu-
roprotective capabilities as an anti-oxidant and the lack of 
immunomodulation by UA in EAE [83], patients with pro-
gressive MS might profit more from inosine treatment than 
RRMS patients.

Since higher dosages than applied might be necessary 
to induce significant neuroprotection, side effects interfere 
with the clinical use of inosine. For instance, increased risks 
for cardiovascular events [84] and nephrolithiasis [85] asso-
ciated with higher UA concentrations limit the dosage of 
inosine.

Outside the study design, the propagated mode of action 
also needs to be questioned. In light of the complexity of 
MS pathology, addressing a single anti-oxidant might not 
meet the needs required for manifest clinical improvement. 
Therefore, it seems unlikely that inosine monotherapy can 
effectively benefit RRMS patients.

3.2  Neuroregenerative Approaches

In MS lesions, remyelination is a naturally occurring repair 
mechanism, restoring neuroaxonal functions [86]. Through 
re-establishment of saltatory conduction, remyelination 
induces recovery from clinical symptoms [6]. Of note, insuf-
ficient myelin repair has been described in all courses of 
MS, making remyelination-promoting therapies a hopeful 
approach for both relapsing and progressive forms of MS 
[87].

3.2.1  LINGO‑1—Opicinumab

3.2.1.1 Background With regard to pre-clinical data, one 
of the most promising remyelination-influencing targets 
is leucine-rich repeat and immunoglobulin-like domain-

containing Nogo receptor-interacting protein-1 (LINGO-
1). LINGO-1 is a highly conserved transmembrane protein 
expressed selectively on neurons, oligodendrocytes, and 
OPCs [88].

Inhibition of LINGO-1 is associated with axonal regen-
eration, terminal OPC differentiation, and increased sur-
vival of neurons as well as oligodendrocytes [89]. Conse-
quently, blockade of LINGO-1-mediated pathways led to 
clinical improvement and remyelination in several animal 
models that cover distinct pathophysiological aspects of MS 
[90–92]. Among these are AON, EAE as well as non-inflam-
matory models such as cuprizone-induced demyelination. 
Apart from myelin repairing processes, results from adoptive 
transfer EAE experiments indicate that anti-LINGO-1-in-
duced beneficial effects (e.g., preservation of neuroaxonal 
integrity) are independent of immunomodulation [92].

To reinforce remyelination, the human monoclonal IgG 
antibody opicinumab (BIIB003) was designed to suppress 
LINGO-1-mediated pathways via direct binding [93]. Two 
Phase I studies assessing opicinumab treatment in healthy 
volunteers and relapsing MS patients indicated a tolerable 
safety profile [94].

3.2.1.2 Studies Opicinumab in AON Started in 2012, a 
double-blind Phase II study (RENEW) was conducted in 82 
patients with first unilateral AON [95]. Following standard 
high-dose treatment with intravenous methylprednisolone 
(IVMPS), participants were randomised to receive either 
100 mg/kg opicinumab or placebo within 28 days after 
symptom onset. Treatment was administered every four 
weeks up to Week 20, followed by a 12-week observation 
period. The pSE assessed the recovery of the affected optic 
nerve conduction in terms of visually evoked potentials 
(VEPs) after 24 weeks. Although opicinumab treatment 
ameliorated P100 latency, this difference was not signifi-
cant. Significance was only reached in the per-protocol pop-
ulation at Week 32. Moreover, opicinumab treatment did not 
improve secondary endpoints such as VA or preservation of 
RNFL thickness assessed by optical coherence tomography.

Thirty-nine patients were further enrolled in a substudy 
in which multifocal VEP measurements were used to exam-
ine optic nerve repair [96]. Non-significant trends towards 
reduced latency prolongation and increased recovery of VEP 
amplitude were observed in the active treatment group.

Recently, the first data of a 2-year follow-up study of 
the RENEW trial were announced (RENEWED) [97]. Of 
all participants of the RENEW trial who received at least 
one dose of opicinumab or placebo, and thus could join this 
trial, 52 attended the study. Investigation of the pSE (VEP 
latency) indicated that the observed positive trend in the 
opicinumab group was maintained over 2 years. However, 
this trend was not significant.
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Opicinumab in RRMS and SPMS The double-blind Phase II 
SYNERGY trial included 330 RRMS and 89 SPMS patients 
with relapses who were randomly assigned in a 1:2:2:2:2 
ratio to either 3, 10, 30, or 100 mg/kg opicinumab or placebo 
[98]. Patients received active treatment or placebo every four 
weeks for 72 weeks as an add-on medication to interferon-
β1a. The pSE comprised the proportion of participants with 
confirmed improvement in EDSS score, Timed 25-Foot 
Walk (T25FW) [99], Nine-Hole Peg Test (9HPT) [100], or 
3s Paced Auditory Serial Addition Test (PASAT-3) [101]. 
No significant benefit was demonstrated regarding treatment 
with 3, 10, and 100 mg/kg opicinumab [98]. A significantly 
higher proportion of participants with an improvement of 
disability was detected only at a dose of 30 mg/kg opici-
numab compared to placebo. However, a significant dose-
linear improvement could not be observed. Evaluation of the 
secondary (percentage of patients with confirmed disease 
worsening measured by the same criteria) and tertiary end-
point (overall response score comprised of the mentioned 
criteria) showed several mild effects, favouring opicinumab 
treatment with 10 or 30 mg/kg.

In 2017, 263 RRMS and SPMS patients were enrolled in 
a placebo-controlled, randomised, double-blind Phase II trial 
(AFFINITY) [102, 103]. This study evaluated the adminis-
tration of 750 mg opicinumab, corresponding to a dose of 
10 mg/kg [104], as an add-on to DMTs. The pSE included 
the integrated response score already used in the SYNERGY 
study. In October 2020, Biogen announced that the AFFIN-
ITY trial failed to meet the pSE [105].

3.2.1.3 Comment Inhibition of LINGO-1 showed impres-
sive results concerning OPC differentiation and remyelina-
tion in animal models [90–92] but so far failed to effectively 
improve clinical parameters in patients. The example of 
opicinumab prototypically depicts the challenges regarding 
the translation of remyelination-promoting approaches into 
human application. First, the appropriate timing for initiat-
ing these therapies is still elusive. It seems that remyelina-
tion starts immediately after the onset of demyelination and 
finishes within several weeks or months [6]. Therefore, it 
can be speculated that remyelination-promoting strategies 
are most effective when administered instantly after demy-
elination, and thus at symptom onset. This hypothesis is 
further supported by a post hoc analysis of the RENEW 
trial, revealing that patients who started opicinumab treat-
ment earlier after AON onset gained more benefit [106]. In 
the same trial, the mean duration between the beginning of 
visual impairment and the first application of opicinumab 
comprised 24 days [95]. At this time, however, most retinal 
thinning has already occurred, limiting potential improve-
ments induced by anti-LINGO-1 treatment [95].

Moreover, it is still not clear how remyelination can 
be reliably measured both clinically and para-clinically. 

Therefore, a new pSE was used in the SYNERGY study. 
Strikingly, this endpoint assessed the improvement of dis-
ability rather than a delay or arrest of disease progression 
[98]. Thus, an integrated score as used as the tertiary objec-
tive in the SYNERGY study and as pSE in the AFFINITY 
trial seems to be more suitable [102]. In addition, the SYN-
ERGY study made use of innovative imaging techniques 
such as magnetisation transfer ratio (MTR) or diffusion ten-
sor imaging (DTI) for specific assessment of remyelination 
as exploratory objectives [98]. However, the validity of these 
methods has not been adequately verified. As a consequence 
of the aforementioned lack of experience with (para-)clini-
cal parameters for remyelination and uncertainties regard-
ing the effect size, it is not surprising that the discussed 
studies (SYNERGY and RENEW) were also underpowered 
[95, 98].

Last, there is a lack of experience concerning the appro-
priate selection of patients who might profit from remyeli-
nation-promoting approaches. In the RENEW study, post 
hoc analysis revealed that opicinumab provided benefit to 
older AON patients (aged ≥ 33 years) and those with more 
severe visual impairment at baseline [106]. Most likely, this 
is due to a diminished intrinsic recovery potential without 
treatment in these subpopulations. Remyelination capacities, 
for instance, decline with age [107]. This decline seems to 
be caused by impaired differentiation of OPCs into sheath-
forming oligodendrocytes rather than a lack in the number 
of OPCs [108]. Therefore, opicinumab potentially restores 
differentiation of still available OPCs that might become 
insufficient more frequently in older patients. However, the 
observation that opicinumab treatment provided most benefit 
to patients with severe visual impairment at baseline, may 
also result from a regression to the mean artifact.

Concerning relapsing MS, subpopulation analyses of the 
SYNERGY trial identified predictors for opicinumab effi-
cacy in RRMS and SPMS patients [98, 109]. These analyses 
suggest that especially patients with shorter disease dura-
tion (≤ 20 years since symptom onset) and MRI criteria, 
indicating preserved brain integrity at baseline (lower DTI 
radial diffusivity), benefit from opicinumab. The mentioned 
predictors are in line with reports defining functional intact 
axons as a prerequisite for remyelination [6]. Furthermore, 
restoration of neuronal functionality not only depends on the 
degree of remyelination but also on region-specific factors as 
well as the extent of irreversible neuronal network damage 
[110]. Most likely, patients with a shorter disease duration 
have a higher integrity of neuronal networks compared to 
those in advanced disease stages [111] and might therefore 
benefit from remyelination-promoting approaches. However, 
in the case of opicinumab, even a long observation period 
and the inclusion of patients with a short duration of disease 
did not lead to a positive outcome in the AFFINITY trial. 
The AFFINITY study included those patients who were 
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shown to have the greatest benefit during the SYNGERY 
trial. Therefore, the failure of this study raises the question 
of whether the positive results demonstrated in the subgroup 
analyses may be rather related to statistical errors in terms 
of multiple testing.

Given the failure of opicinumab in the mentioned clinical 
trials, a beneficial effect of opicinumab in relapsing MS is 
very unlikely. In line, Biogen announced the discontinuation 
of the development of opicinumab in MS in 2020 [105].

3.2.2  Histamine  H3 Receptor—GSK239512

3.2.2.1 Background The histamine  H3 receptor (H3R) is 
an inhibitory G protein-coupled receptor predominantly 
expressed in the CNS [112]. Activation of H3R inhibits 
the release of histamine as well as other neurotransmitters 
such as acetylcholine, norepinephrine, dopamine, and sero-
tonin [113]. Based on this function, H3R became an attrac-
tive target for the treatment of neuropsychiatric disorders 
[114]. Due to the high level of spontaneous signalling of 
H3R, (pre-)clinical research focused on inverse agonists 
of this receptor [115]. Inverse agonists are agents that not 
only inhibit the binding of agonists but, even more, induce 
opposite effects by inhibiting the constitutive, i.e., spontane-
ous receptor activity [116]. Thus, the selective H3R inverse 
agonist GSK239512 entered clinical Phase II trials for the 
therapy of cognitive alterations in schizophrenia [117] and 
AD [118].

In the field of neuroinflammatory research, H3R gained 
attention, as Chen et al demonstrated that inverse agonists of 
this receptor promote OPC differentiation [115]. Moreover, 
they observed an increased expression of H3R on oligoden-
drocytes in demyelinated human MS lesions. Interestingly, 
the administration of an H3R inverse agonist resulted in 
enhanced remyelination accompanied by preserved axonal 
integrity in a murine model of demyelination. Further sup-
port for an involvement of H3R in MS pathogenesis derives 
from the association between an exonic single nucleotide 
polymorphism (SNP) in the human gene coding for H3R 
and an increased susceptibility to MS [115].

3.2.2.2 Studies After showing an acceptable safety pro-
file in a Phase I study [119], a double-blind Phase II trial 
on GSK239512 was performed in RRMS [120]. The study 
included 131 patients with disease activity within the 
previous year (≥ 1 GELs on MRI or reported relapses). 
GSK239512 was tested as an add-on treatment to interferon-
β1a or glatiramer acetate (GA). Once daily, patients received 
either placebo or GSK239512, up-titrated within 4–5 weeks 
to a maximum tolerable dose of up to 80 µg/day. The final 
dose corresponded to an H3R occupancy in the brain of 
more than 90% [121]. The co-pSEs assessed the mean 
changes in MTR in newly developed GELs or Delta-MTR-

defined lesions. After 43–44 weeks of treatment, however, 
GSK239512 missed the target effect size of 0.5. Moreover, 
there were no relevant improvements of secondary clini-
cal endpoints (e.g., EDSS score, performance at CogState 
battery [122], ARR). Analysis of MRI scans even favoured 
placebo regarding the development of new or enlarging T2 
lesions. Finally, while only three patients receiving placebo 
discontinued the study (none were due to AEs), 14 of the 
treatment group dropped out (seven due to AEs, two at the 
investigator’s discretion).

3.2.2.3 Comment Besides a short observation time, one 
explanation for the small effect sizes might be the small 
number of participants completing the trial. One underly-
ing reason was the high drop-out frequency in the active 
treatment group [120]. Also, considering that only patients 
with a high baseline disease activity were included, an 
unexpectedly high number of patients did not develop new 
MRI lesions. Only 55 out of 114 participants contributed 
lesions to the analysis. Therefore, disease activity in the 
study cohort was insufficient to evaluate the potential effects 
of GSK239512 treatment adequately. Taking together the 
high drop-out rate and the low rate of new MRI lesions, 
the study was most likely underpowered. Furthermore, the 
target effect size of 0.5 needs to be questioned in general. 
Given the complexity of the underlying mechanisms, the 
reduced sample size, and the heterogeneity of the cohort, the 
target effect size may have been overestimated. Therefore, 
GSK239512 should not be discarded solely on the basis of 
failing to meet this effect size.

Moreover, the pathophysiological role of H3R in neuro-
inflammation is still controversially discussed. Contradict-
ing a beneficial role of H3R inverse agonists in MS, mice 
deficient for H3R displayed an earlier and more intense 
disease progression in active EAE [123]. This aggravation 
of symptoms was accompanied by increased permeability 
of the BBB, leading to more severe inflammatory infiltra-
tion. Correspondingly, data acquired in models of cerebral 
malaria [124] and spinal cord injury [125] indicate a pro-
tective influence of H3R on BBB integrity. These observa-
tions might also explain the increased rate of T2 lesions in 
patients treated with GSK239512 [120]. In line with these 
results, treatment of mice with an agent activating H3R ame-
liorated EAE symptoms and reduced CNS infiltration [126]. 
Thus, even agonists of H3R are considered as therapeutic 
options in MS [127].

Another striking point is the impact of H3R modulation 
on glial cells. In microglia, for instance, H3R suppresses 
the production of pro-inflammatory cytokines, chemotaxis 
as well as phagocytosis [128]. Regarding the influence on 
astrocytes, H3R contributes to the astrocyte-induced reduc-
tion of pro-inflammatory cytokines and secretion of neu-
rotrophic factors [129]. In addition, application of an H3R 
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agonist reduced the expression of co-stimulatory molecules 
of dendritic cells (DCs) and inhibited DC-induced differen-
tiation of pathogenic T helper 1  (TH1) and 17  (TH17) cells 
[126]. Therefore, H3R blockade in glial cells and DCs might 
enhance rather than alleviate neuroinflammation.

Given the shortcomings in study design and conflicting 
pre-clinical results, the role of GSK239512 in MS remains 
elusive.

3.3  Other Approaches

3.3.1  ATP‑sensitive  K+ Channels—Diazoxide

3.3.1.1 Background Potassium channels are promising 
targets ameliorating CNS autoimmunity [130, 131]. In the 
last years, adenosine triphosphate (ATP)-sensitive potas-
sium  (KATP) channels gained increasing interest due to their 
neuroprotective capacities [132].  KATP channels are located 
both in the plasma  (sarcKATP) and mitochondrial membrane 
 (mitoKATP) [133]. One well-known activator of  KATP chan-
nels is diazoxide, a selective agonist of mitoKATP channels 
when administered in low doses [133]. Diazoxide appears to 
be an attractive agent for treating neurological disorders as 
it induces anti-inflammatory and neuroprotective processes 
in animal models of stroke [134], PD [135], and AD [136]. 
Neuroprotection seems to be mediated through maintenance 
of mitochondrial homeostasis, reduction of oxidative stress, 
protection against excitotoxicity as well as the implemen-
tation of a favourable energy profile [137–139]. Moreover, 
diazoxide was also evaluated in EAE [140, 141]. There, 
both the prophylactic and therapeutic application resulted 
in alleviated signs of neuroinflammation. This amelioration 
was mediated by inhibition of microglial pro-inflammatory 
activities, restriction of antigen presentation by DCs, and 
diminished astrocytic activity.

3.3.1.2 Studies A multicentre, double-blind Phase IIa 
study evaluated the efficacy and safety of diazoxide in 
102 patients with RRMS [142]. Patients were randomised 
in a 1:1:1 ratio to receive either placebo or diazoxide in 
a dose of 0.3 or 4 mg/day. Following 24 weeks of treat-
ment, patients could join an additional 24-week observa-
tion period. The cumulative number of new T1 GELs was 
investigated as pSE. Secondary endpoints included fur-
ther MRI (e.g., new or enlarging T2 lesions and PBVC) 
and clinical criteria (e.g., EDSS and relapse-free status). 
Notably, patients treated with diazoxide showed a signifi-
cantly higher rate of new GELs and a trend towards more 
frequent new or enlarging T2 lesions. Also, a slight trend 
of stronger disease progression related to MRI criteria 
was observed in the 4 mg/day group compared to patients 
treated with 0.3 mg/day diazoxide. However, treatment 
significantly reduced the loss of brain volume and dis-

played a trend of diminished evolution of T2 lesions into 
black holes. No differences regarding clinical outcome 
parameters were observed.

3.3.1.3 Comment Due to methodological limitations, con-
clusions drawn from this trial need to be interpreted with 
caution. Negative results may at least partially result from 
inhomogeneous baseline characteristics. The treated groups 
displayed an increased disease activity, indicated by more 
and enlarged T2 lesions at baseline [142]. On the other side, 
the placebo group showed a higher volume of black holes. 
Thus, patients in the placebo group might have been in more 
advanced stages of the disease, associated with dominant 
neurodegenerative  rather than neuroinflammatory charac-
teristics. However, this might not fully explain the higher 
rate of new lesions and reduced brain atrophy observed in 
the active treatment group. Concerning brain atrophy, other 
explanations might include fluid shifts and a direct vasodi-
lating effect of diazoxide [142]. In addition, diazoxide pos-
sibly has a more prominent role in neurodegeneration than 
neuroinflammation, considering its mentioned impact in 
models of AD and PD along with extensive effects on neu-
ronal preservation [135, 136].

The authors of this trial also hypothesised a modulation 
of BBB integrity by diazoxide as a mechanism of action. 
Strikingly, the beneficial actions of diazoxide related to the 
BBB were not shown pre-clinically. Moreover, diazoxide-
treatment did not affect lymphocytic CNS infiltration in EAE 
[140]. Also, while an inhibitory influence of diazoxide on 
succinate dehydrogenase was demonstrated [143], earlier 
studies suggest a protective effect of the latter on BBB func-
tion [144]. Conclusively, especially considering the higher 
frequency of GELs in the treatment group, a beneficial 
impact of diazoxide on BBB integrity is highly doubtable.

Furthermore, data from animal studies imply that diazox-
ide-mediated effects highly depend on the exact dosage. In 
several experiments, lower doses of diazoxide resulted in a 
better outcome, potentially due to more selective binding to 
 mitoKATP channels [137, 141]. The slight trend of stronger 
MRI disease activity observed in patients treated with 4 mg/
day compared to those receiving 0.3 mg/day [142] give fur-
ther rise to reconsider the chosen dosage.

In addition, diazoxide was shown to promote OPC pro-
liferation and oligodendrocyte differentiation, leading to 
enhanced myelination in vivo [145, 146]. Unfortunately, 
remyelination was not assessed in the reviewed trial.

As mentioned before, other types of potassium chan-
nels such as voltage-gated potassium  (KV) channels raised 
interest as potential mediators of neuroinflammation and 
neurodegeneration [147]. One well-known blocker of  KV 
channels, 4-aminopyridine (4-AP), is already approved to 
treat ambulatory disability in MS [148]. Beyond sympto-
matic treatment, recent data indicate that 4-AP might also 
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prevent neuroaxonal loss. For instance, 4-AP administration 
seemed to alleviate clinical signs of chronic EAE and retinal 
neurodegeneration during experimental AON [149]. In a ret-
rospective trial, including 103 MS patients, the same authors 
reported an amelioration of macular RNFL loss following 
2 years of 4-AP intake without a significant benefit in terms 
of peripapillary RNFL thickness or total retinal preserva-
tion [149]. Contradicting a beneficial impact of 4-AP on 
neuroaxonal injury, however, Göbel et al and Moriguchi et al 
did not observe an effect of 4-AP treatment in comparable 
models of chronic EAE [150, 151]. Moreover, Ruck et al and 
others could not detect a significant improvement in the MS 
Functional Composite (MSFC) [152] in 4-AP-treated MS 
patients, further questioning an amelioration of disability 
progression induced by 4-AP [153–155]. These conflicting 
results and the ambiguous performance of diazoxide high-
light the critical need for ongoing research to take advantage 
of the therapeutic potential of potassium channel modulators 
in MS.

3.3.2  Minocycline

3.3.2.1 Background Minocycline is a second-generation 
antibiotic of the tetracycline class. It first raised interest 
as a neuroprotective agent in 1998 when it was shown to 
induce beneficial effects in ischaemic brain injury [156]. 
Since then, minocycline was tested in various neurode-
generative diseases [157]. In EAE, minocycline treatment 
resulted in clinical and histological improvements when 
administered both as a single agent [158] or in combina-
tion with approved DMTs such as interferon-β [159] or GA 
[160]. These improvements are mediated by a plethora of 
actions. First, minocycline is known to be a potent inhibitor 
of microglial [161] and astrocytic activation [162]. Second, 
it reduces the activity of MMPs [163]. Despite other detri-
mental effects, MMPs degrade extracellular matrix proteins 
around blood vessels [158, 163]. Thereby, activation of 
MMPs facilitates BBB breakdown and inflammatory CNS 
infiltration [158]. Third, minocycline was shown to induce 
a shift in the immune response from  TH1 towards  TH2 cells 
[162]. Apart from the mentioned effects, minocycline is also 
capable of reducing apoptosis [162], glutamate excitotoxic-
ity [164], and oxidative stress [165].

Further support for a neuroprotective and immunomod-
ulatory role of minocycline derives from clinical studies. 
These trials show a reduced conversion of clinically iso-
lated syndrome into MS and decreased numbers of GELs 
in RRMS patients [166–168].

3.3.2.2 Studies The role of minocycline in RRMS was 
further tested in a double-blind, randomised Phase II 
trial (RECYCLINE) [169]. Following a run-in period 
of three months, 149 and 155 patients received mino-
cycline or placebo, respectively, both in combination 
with interferon-β1a for 96 weeks. The pSE evaluated the 
time to first qualifying relapse, while secondary end-
points included the ARR, number of new or enlarging 
T2 lesions as well as changes in brain volume. How-
ever, the trial met none of these endpoints. Only a trend 
towards a reduced ARR in the minocycline group was 
observed, while results of disability progression and 
brain volume change tended to favour placebo. Notably, 
the study was terminated prematurely due to a halt of 
minocycline production. However, merely two patients 
were affected by study termination.

3.3.2.3 Comment Most striking in the methodology of 
the RECYCLINE study is the unexpectedly low rate of 
relapses. Only 23% of all patients experienced a relapse 
within the 96 weeks of treatment [169]. Therefore, evalua-
tion of the pSE, namely the time to first qualifying relapse, 
is hampered.

Despite this limitation, one could also doubt long-term 
improvements induced by minocycline. Suppression of 
astrocytes and microglia as well as reduced MMP activ-
ity are beneficial during the acute inflammatory response. 
However, these cells and proteins have crucial functions 
in the resolution of inflammation and tissue repair [6]. 
Removal of myelin, for instance, is a prerequisite for remy-
elination [170]. Moreover, microglia and astrocytes supply 
essential factors and create a favourable microenvironment 
critically required for remyelination [171, 172]. The same 
is true for MMPs. MMP9, for instance, facilitates remy-
elination through removing the proteoglycan neural/glial 
antigen 2 [173]. Thus, unselective inhibition of microglia, 
astrocytes, and MMPs might counteract neuroregenera-
tion. Impaired tissue repair and remyelination might also 
partially explain the trend towards increased disability pro-
gression following minocycline treatment in the RECY-
CLINE study [169].

Last, interferon-β might not be the optimal co-medication 
for minocycline treatment. Just like minocycline, beneficial 
effects of interferon-β depend at least partially on reduced 
MMP activity [37] and a shift of T cell differentiation 
towards a  TH2 response [174]. A combination with thera-
peutics inducing other processes than minocycline might be 
more suitable to address a variety of targets.
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4  Failed Clinical Trials in Progressive 
Multiple Sclerosis

4.1  Neuroprotective Approaches

4.1.1  Acid‑Sensing Ion Channels—Amiloride

4.1.1.1 Background A certain group of ion channels linked 
to  Na+- and  Ca2+-dependent neuroaxonal injury is the fam-
ily of acid-sensing ion channels (ASICs). These are proton-
gated cationic channels activated by an acidic pH leading 
to an influx of  Na+ and  Ca2+ ions [175]. Amiloride, well-
known as a diuretic, turned out to be an unspecific inhibi-
tor of ASICs and already proved efficacy in animal models 
of PD [176], stroke [177], and Huntington’s disease [178]. 
Consistently, amiloride-induced neuroprotection alleviated 
axonal degeneration as well as clinical symptoms of acute 
EAE [179, 180]. More importantly, amiloride treatment also 
ameliorated clinical signs of EAE performed in Biozzi ABH 
mice, a model resembling characteristics of progressive MS 
[179, 180]. Although ASICs are also expressed on several 
immune cells (e.g., B cells, T cells, and macrophages), com-
pelling evidence suggests that beneficial effects of amiloride 
in EAE are mediated independently from immunomodula-
tion [180].

Beyond insights gathered from animal experiments, 
there are also clinical data supporting the hypothesis of 
an involvement of ASICs in MS pathophysiology. First, 
SNPs located in a gene coding for ASICs are associated 
with enhanced susceptibility to MS [181]. Moreover, 
axonal ASIC expression is upregulated at the border of 
acute MS lesions [179]. Importantly, amiloride treatment 
was already tested in an uncontrolled pilot study in PPMS 
[182]. There, it slowed brain atrophy and alleviated wors-
ening of tissue damage related to markers of DTI.

4.1.1.2 Studies Amiloride in AON In the ACTION trial, 
amiloride was evaluated in patients with a first episode of 
unilateral AON [183]. In this double-blind Phase II study, 
48 patients were randomly assigned to either daily treatment 
with 10 mg amiloride or placebo. Treatment was initiated 
within 28 days after symptom onset and continued for five 
months. Steroid treatment after AON onset was allowed but 
not mandatory. The pSE evaluated the change of the peri-
papillary RNFL thickness after six months. However, this 
endpoint was not reached. In addition, analysis of second-
ary endpoints, including structural, visual, and electrophysi-
ological criteria, did not show an advantage of amiloride 
treatment. Patients of the active treatment group even dis-
played a significantly prolonged peak time of VEPs.

Amiloride in SPMS Following the positive outcome 
of the mentioned pilot study in PPMS [182], the efficacy 

of amiloride treatment in SPMS was tested in a multi-
arm, double-blind Phase IIb trial, in parallel to fluoxe-
tine and riluzole (MS-SMART) [184]. For a period of 96 
weeks, 223 patients were included to receive either 10 
mg/day amiloride or placebo. However, amiloride treat-
ment failed to induce any difference concerning the pSE, 
i.e., the PBVC after 96 weeks. Moreover, secondary MRI 
(PBVC after 24 weeks, new or enlarging T2 lesions after 
96 weeks) and clinical endpoints (e.g., changes in EDSS) 
were not met.

4.1.1.3 Comment Besides the negative outcomes of the 
ACTION and MS-SMART trials, large registry-based 
cohort studies could not detect an association between 
amiloride treatment and a decreased risk for MS or MS-
related hospitalisation, further questioning the efficacy of 
amiloride in MS [185].

Moreover, as the pathophysiology of AON is mainly 
mediated by inflammatory processes [186], selectively tar-
geting the neuroaxonal loss without affecting the immu-
nological response might be insufficient. Notably, 20% of 
patients in the placebo but only 5% in the treatment group 
received steroids after AON onset in the ACTION study 
[183]. Considering the improvement of visual functions 
by corticosteroid treatment in AON [187], the higher fre-
quency of steroid administration might have influenced 
the outcome in favour of the placebo group. This con-
nection is especially important given the extended time 
frame of treatment within 28 days after onset, as crucial 
damage might have already occurred before the initiation 
of therapy [183]. Future studies should, therefore, inves-
tigate amiloride treatment in obligate combination with 
high-dose IVMPS rapidly after AON onset. Concomitant 
immunosuppressive strategies might, for instance, enhance 
the efficacy of amiloride by ameliorating the inflammatory 
milieu and immune-mediated neuroaxonal injury.

Notably, there are also uncertainties related to the 
mechanism of action of amiloride in MS. ASIC opening 
is mediated by an acidic environment. Strikingly, extra-
cellular acidosis was solely demonstrated in inflamma-
tory lesions in EAE [180]. In MS, acidosis was merely 
assumed, as inflammatory lesions exhibited a higher lac-
tate concentration [188]. However, this increase of lactate 
seemed to correlate with the degree of inflammation and 
was already reduced in inactive plaques, further doubting 
the impact of amiloride particularly in progressive MS. 
In line with this, ASIC expression in MS lesions was pre-
dominantly observed at the lesion border, which is asso-
ciated with a more inflammatory milieu [179]. A recent 
study evaluates imaging-based measurements of pH in the 
brain tissue of MS patients and might thus shed light on 
this issue [189].
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4.1.2  Fluoxetine

4.1.2.1 Background Selective serotonin reuptake inhibi-
tors (SSRIs) are well-known therapeutics for the treatment 
of psychiatric disorders [190]. One of these SSRIs is fluox-
etine. Despite its traditional use, a report in 1991 mentioned 
20 MS patients who experienced clinical improvement 
under fluoxetine treatment [191]. Therefore, SSRIs were 
repurposed in the field of neuroinflammation and neurode-
generation. Repurposing of SSRIs was further supported 
by insights derived from EAE experiments. There, both the 
prophylactic and therapeutic application of fluoxetine allevi-
ated clinical EAE progression and enhanced disease remis-
sion [192, 193]. Several mechanisms underlying EAE ame-
lioration are discussed. Foremost, a neuroprotective mode 
of action is considered. Fluoxetine was shown to stimulate 
astrocytic glycogenolysis and lactate release, thereby provid-
ing energy supply to neurons [194, 195]. In addition, fluox-
etine enhances the production of neurotrophic factors [196] 
and inhibits voltage-gated calcium [197] as well as sodium 
channels [198]. In this way, fluoxetine prevents  Ca2+- and 
 Na+-induced neurotoxicity [197, 198]. Beyond neuroprotec-
tion, several models indicate a stabilising impact of fluox-
etine on the BBB through restoring tight junction molecules 
[199, 200]. Finally, fluoxetine has several implications con-
cerning the inflammatory response. Among these are an 
inhibited microglial activation [200], impaired glial antigen 
presentation [201], and subsequently, a reduced release of 
pro-inflammatory cytokines by T cells [202].

4.1.2.2 Studies Started in 2012, a randomised, double-blind 
Phase II trial evaluated the impact of fluoxetine on disease 
progression in 77 PPMS and 55 SPMS patients (FLUOX-
PMS) [203]. Participants received either 40 mg/day fluox-
etine or placebo over 108 weeks. The pSE assessed the time 
to a 12-week confirmed 20% increase in the T25FW or 
9HPT. However, no significant improvement was observed 
in the analysis of primary and secondary objectives (e.g., 
cognitive tests and MRI criteria).

Fluoxetine was further investigated in the already 
described multi-arm Phase IIb MS-SMART trial at a dose 
of 40 mg/day [184]. One hundred and eleven SPMS patients 
were allocated to the fluoxetine group, and 112 received pla-
cebo. However, fluoxetine failed to affect the pSE, namely 
the PBVC, after 96 weeks. To the contrary, PBVC was even 
enhanced compared to placebo after 24 weeks. In terms 
of secondary objectives, fluoxetine treatment reduced the 
number of new or enlarging T2 lesions. Other secondary 
endpoints (e.g., changes in EDSS) were not met.

4.1.2.3 Comment In conclusion, fluoxetine treatment did 
not lead to positive outcomes in two Phase II trials. While 
the MS-SMART study was sufficiently powered [184], an 

unexpectedly low rate of disease progression was observed 
in the FLUOX-PMS trial, strongly reducing its power [203]. 
Additionally, a double-blind, placebo-controlled trial in 42 
patients with PPMS or SPMS did not demonstrate an advan-
tage of fluoxetine treatment [204]. Taking together the fail-
ure of fluoxetine in all three trials, a convincing beneficial 
effect in progressive MS is unlikely.

When looking at the mode of action, the initially assumed 
predominant neuroprotective role of fluoxetine might be out-
weighed by its anti-inflammatory impact. Fluoxetine treat-
ment results in a variety of immunomodulatory processes, 
which were observed in both animal and human studies 
[193, 205]. Along the same lines, fluoxetine proved effi-
cacy in animal models characterised by strong inflamma-
tory pathophysiology [192, 193]. The use of animal models 
hallmarked by a pronounced inflammatory pathophysiology 
may also explain why promising data of fluoxetine treatment 
in pre-clinical experiments were not translatable into clinical 
trials including patients with progressive MS. Possibly, an 
animal model of progressive MS, such as EAE in non-obese 
diabetic mice, would have been more appropriate to study 
the effects of fluoxetine on the pathophysiology of progres-
sive disease courses.

Further support for a predominant anti-inflammatory 
role of fluoxetine derives from two clinical studies. First, 
escitalopram, another SSRI, reduced the cumulative risk for 
relapses compared to controls in an open-label trial [206]. 
Also, in a double-blind, placebo-controlled study in RRMS 
and SPMS patients, fluoxetine itself decreased the forma-
tion of GELs [207]. In line with a putative use of fluoxetine 
in relapsing MS is the reduction of T2 lesions in the MS-
SMART trial, although this observation needs to be con-
firmed considering that post-gadolinium scans at baseline 
were missing [184]. Taken together, fluoxetine potentially 
provides benefits to patients with relapsing rather than pro-
gressive MS.

4.1.3  Riluzole

4.1.3.1 Background Glutamate excitotoxicity is a widely 
discussed mechanism contributing to the pathophysiology 
of neurodegeneration [208]. Underlying processes of glu-
tamate excitotoxicity involve axonal damage and neuronal 
cell death [209, 210]. Furthermore, glutamate excitotoxicity 
leads to oligodendrocyte damage and subsequent demyeli-
nation [208]. Therefore, glutamate antagonists gained inter-
est as neuroprotective therapies.

One well-known glutamate antagonist is riluzole, which 
is commonly used in the therapy of amyotrophic lateral scle-
rosis [211]. Besides suppressing the release of glutamate 
from nerve terminals, riluzole stabilises sodium channels 
in an inactivated state [211]. In line, EAE experiments indi-
cated neuroprotective effects induced by riluzole application 
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[210]. Moreover, a pilot study performed in 16 patients with 
progressive MS showed a reduction in the rate of cervical 
cord atrophy due to treatment with riluzole [212].

4.1.3.2 Studies Following the mentioned pilot study in pro-
gressive MS, riluzole was further investigated in the multi-
arm Phase IIb MS-SMART trial [184]. Two hundred and 
twenty-three SPMS patients were included to receive either 
100 mg/day riluzole or placebo for a period of 96 weeks. 
However, the active treatment group failed to meet the pSE 
(PBVC after 96 weeks) and all secondary outcome param-
eters (e.g., changes in EDSS or MSFC).

4.1.3.3 Comment Beside the MS-SMART trial and the 
pilot study, riluzole was further evaluated in combination to 
weekly administered interferon-β1a [213]. This randomised 
placebo-controlled Phase II trial included 43 patients with 
RRMS or clinically isolated syndrome. Of note, treatment 
with riluzole did not reduce brain atrophy in this study. In 
line with the results of riluzole, treatment with the NMDA 
antagonist memantine failed to improve cognitive impair-
ment in relapsing and progressive MS patients [214]. Given 
the lack of an effect of riluzole and memantine treatment 
on both CNS atrophy and clinical parameters, the question 
arises to what extent glutamate excitotoxicity is relevant 
to neurodegenerative processes in MS. On the other hand, 
the high number of glutamate-dependent cell targets and 
mechanisms of action lead to pleiotropic effects of these 
glutamate antagonists [208]. Eventually, further identifica-
tion of relevant signalling pathways involved, together with 
the design of highly specific compounds, could advance our 
understanding of the role of glutamate excitotoxicity in neu-
rodegeneration during MS.

4.1.4  Ubiquinone—Idebenone

4.1.4.1 Background Ubiquinone (CoQ) is an anti-oxidant 
and lipophilic electron carrier in the mitochondrial electron 
transport chain. However, low water solubility makes CoQ 
impracticable for clinical application [215]. Idebenone, a 
water-soluble short-chain analogue of CoQ [216], is thera-
peutically used in the treatment of Friedreich’s ataxia and 
Leber’s hereditary optic neuropathy, both caused by mito-
chondrial dysfunction [217]. Just like CoQ, idebenone 
administration was shown to detoxify free radicals and 
inhibit lipid peroxidation [218]. Moreover, treatment with 
idebenone regenerates mitochondrial function potentially 
through restoring the electron flow using a bypass mecha-
nism [219, 220]. As oxidative stress and mitochondrial 
dysfunction also contribute to neuroaxonal damage in neu-
roinflammation and neurodegeneration [8], idebenone is 
considered a putative agent in MS [215].

Beyond its neuroprotective features, idebenone also has 
anti-inflammatory capabilities. In microglia, it suppressed 
the production of pro-inflammatory factors (e.g., interleu-
kin (IL)-1β, tumour necrosis factor-α) and induced a shift 
towards a M2 phenotype that is related to anti-inflamma-
tion and regeneration [221]. Given the neuroprotective and 
immunomodulatory properties, idebenone could be a prom-
ising medication in MS.

4.1.4.2 Studies In a double-blind, placebo-controlled 
Phase I/II trial, idebenone was evaluated in 77 PPMS 
patients (IPPoMS) [222]. A 1-year pre-treatment period was 
followed by an active phase of 2 years with a daily appli-
cation of 2250 mg idebenone. The pSE investigated the 
change in the Combinatorial Weight-Adjusted Disability 
Score (CombiWISE) consisting of EDSS, T25FW, 9HPT, 
and Scripps Neurological Disability Scale [223]. However, 
treatment had no impact on the CombiWISE. Additionally, 
evaluation of secondary objectives, including changes in the 
enlargement of ventricular volume as well as differences 
in the single categories of the CombiWISE, did not reveal 
notable improvements induced by idebenone.

Afterwards, all patients who had completed the IPPoMS 
trial were invited to an open-label extension study [224]. 
There, all patients should receive idebenone for 1 additional 
year. Unfortunately, publication of the extension study is 
missing.

4.1.4.3 Comment The shortage of available clinical data 
hampers the analysis of the role of idebenone in MS. More-
over, pre-clinical insights are sparse. Idebenone was once 
tested in EAE, failing to affect disease incidence, onset, and 
severity [225]. Further, idebenone had no impact on neuro-
inflammation or axonal damage.

It can be speculated that the failure of idebenone was 
related to the dependency of its function on cytoplasmic 
NAD(P)H:quinone oxidoreductase 1 (NQO1). NQO1 
catalyses the reduction of idebenone into idebenol [220]. 
While idebenone itself exhibits oxidative properties [226] 
and impairs the electron transport chain [227], the favour-
able actions are attributed to idebenol [215]. Unfortunately, 
NQO1 expression is mainly restricted to astrocytes and a 
subset of oligodendrocytes, while it is rare in neurons [228]. 
Therefore, the potential for direct neuroprotection is limited 
[229]. However, as NQO1 expression is inducible, combina-
tion with agents selectively upregulating NQO1 in neurons 
might enforce idebenone treatment in neurodegeneration 
[229].

Conclusively, the paucity of data impedes an assumption 
of the impact of idebenone on neuroinflammation. Nonethe-
less, the underwhelming performance in the IPPoMS trial 
and insights derived from animal experiments contradict a 
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beneficial role of idebenone in PPMS, at least when used as 
monotherapy.

4.2  Neuroregenerative Approaches

4.2.1  Erythropoietin

4.2.1.1 Background Erythropoietin (EPO) is an internal 
body hormone stimulating erythropoiesis. Interestingly, tis-
sue expression studies identified EPO and its receptor (EPO-
R) in neurons, glial, and also endothelial cells of the CNS 
[230–232]. Emerging evidence describes the EPO-EPO-R-
axis as an endogenous neuroprotective system getting acti-
vated in response to neuronal damage in terms of hypoxia, 
metabolic stress, or inflammation, just as observed in EAE 
[233, 234]. Accordingly, exogenously administered EPO 
ameliorated clinical signs of neuroinflammation in mice 
[235–237]. Clinical improvement depends at least partly on 
the induction of remyelination. In vitro, for instance, EPO 
promotes OPC differentiation and oligodendrocyte matu-
ration [230, 238]. Further, it enhances the expression of 
myelin markers after cuprizone-induced demyelination and 
proliferation of OPCs during EAE [239, 240].

Besides remyelination, EPO prevents different hallmarks 
of autoimmune neuroinflammation, such as BBB breakdown 
or axonal injury [235–237]. The underlying mechanisms of 
neuroprotection involve neurotrophic [241], anti-oxidative 
[242], and anti-apoptotic processes [243]. Even more, EPO 
modulates the inflammatory response, leading to increased 
expansion of regulatory T cells and suppressed differentia-
tion of  TH17 cells [236].

In addition to the aforementioned pre-clinical observa-
tions, a small exploratory open-label Phase I/IIa trial on 
high-dose EPO treatment demonstrated a long-lasting sig-
nificant increase in walking distance and improvements of 
cognitive impairment in PPMS and SPMS [244]. Prolonged 
EPO treatment was further assessed in a small study in a 
SPMS cohort, indicating beneficial effects of EPO in terms 
of neurophysiological criteria (e.g., increased intracortical 
facilitation) and a trend of ameliorated fatigue [245].

4.2.1.2 Studies Following the first promising clinical 
results, a randomised, double-blind Phase II trial was per-
formed in 18 PPMS and 34 SPMS patients (without relapses 
within the last 2 years) [246]. The mean disease duration 
varied between 16.7 years in the EPO and 14.9 years in 
the placebo group. Participants received either 48,000 IU 
EPO or placebo for 24 weeks (in the first half weekly, after-
wards biweekly) followed by a 24-week observation period. 
IVMPS 1 g was applied prior to the first and second infu-
sion of EPO or placebo. The pSE investigated the change 
of a composite score consisting of the maximum gait dis-

tance, hand dexterity, and cognition after 24 weeks. Patients 
treated with EPO demonstrated a slight increase in the com-
posite score, indicating clinical improvement. However, 
this trend was not significant and could not be observed 
after 48 weeks. Analysis of clinical parameters (e.g., EDSS 
and MSFC), MRI assessment (e.g., T2 lesion volume and 
PBVC) as well as patient-reported outcomes (36-Item 
Short-Form Health Survey [247]) did not reveal any advan-
tage of EPO treatment. Concerning the safety profile, most 
patients in the active treatment group needed blood-lettings 
due to increased haematocrit and experienced hypertensive 
episodes more frequently.

4.2.1.3 Comment While a first exploratory pilot study 
indicated improvements under EPO treatment, especially 
in terms of motor functions [244], these results could not 
be reproduced in the reviewed Phase II trial, even though 
a positive trend was observed [246]. An underlying reason 
for failure might be the mean disease duration of over 16 
years. Indeed, remyelination declines with MS duration 
and is less present in chronic lesions [6, 87]. Thus, agents 
promoting remyelination might be more effective in ear-
lier disease courses, since an effect on long-lasting, inac-
tive lesions is doubtful. In line with this assumption, a small 
double-blind study supported efficacy of EPO-treatment in 
RRMS patients with an acute relapse [248]. The first prom-
ising results of EPO in AON in a placebo-controlled Phase 
II trial further support this hypothesis [249]. Conclusively, 
the selection of patients in advanced stages of disease pro-
gression might have masked potentially existing beneficial 
effects of EPO treatment.

Nonetheless, the potential use of EPO in MS is hampered 
by side effects. Administration of EPO not only induces 
erythropoiesis but has several other implications such as 
vasoconstriction or thrombocythemia, thereby enhancing 
the risk for thromboembolic events and hypertension [233]. 
Thus, patients with cardiovascular risk factors, a history of 
thromboembolic events, or immobility were excluded from 
clinical trials [246, 249, 250]. Moreover, EPO can cause 
rare but potentially fatal pure red cell aplasia [251]. Due 
to the expression of EPO and EPO-R on several malignant 
tumours [252] and reports of tumour expansion under EPO 
treatment [253, 254], patients with a history of malignancy 
should not receive this drug either. Taken together, a remark-
able proportion of patients, especially those suffering from 
multimorbidity, would not be eligible for treatment even if 
EPO were to be effective in MS.

On the other hand, tissue-protective processes may not 
only be mediated via the classical EPO-R. Foremost, these 
effects seem to be induced by the interaction of a distinct 
EPO region with a heteromeric receptor consisting of one 
EPO-R subunit and the β-common chain shared by members 
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of the IL-3 receptor family [233, 255]. Thus, derivates of 
EPO were shown to exhibit neuroprotection without affect-
ing erythropoiesis [235]. Among these derivates is JM-4 
[256]. This peptide protected mice from demyelination and 
alleviated the pro-inflammatory response, thereby amelio-
rating clinical signs of EAE [256]. Of note, an early Phase 
I study was recently initiated to evaluate the safety and effi-
cacy of JM-4 in the context of MS [257].

4.2.2  Carboxylase Enzymes—Biotin

4.2.2.1 Background Biotin is a ubiquitous water-soluble 
vitamin, acting as an essential co-enzyme for several car-
boxylases [258]. Based on a case report on the efficacy of 
biotin in SPMS, the first studies were introduced to evaluate 
biotin as a potential target in progressive MS [259]. Reduced 
levels of biotin observed in the cerebrospinal fluid (CSF) 
and serum of MS patients gave further rise to repurpose 
biotin in the context of neuroinflammation [260]. Addition-
ally, deficiency of biotinidase, an enzyme required for biotin 
recycling [261], leads to demyelination and neurological 
symptoms that are comparable to MS [262].

The rationale behind the use of biotin is based on the 
hypothesis of a ‘virtual hypoxia’ in MS [258]. It is assumed 
that mitochondrial dysfunction and an increased need for 
energy due to demyelination result in a mismatch of energy 
supply and demand. Consequently, this mismatch would 
lead to neuroaxonal injury. Biotin potentially addresses both 
reduced energy production and increased demand. First, 
being a critical co-enzyme of three carboxylases involved 
in the tricarboxylic acid cycle, increased concentrations of 
biotin might foster neuronal ATP supply [263]. Second, bio-
tin is required in oligodendrocytes for the activity of two 
carboxylases that produce a substrate of fatty acid synthesis 
[263]. In this way, biotin might enhance remyelination due 
to increased levels of these fatty acids, which are needed 
for myelin production [264]. Through restoring saltatory 
conduction and thus, restricting membrane excitation to the 
nodes of Ranvier, biotin might reduce the energy demand 
[265].

Further evidence supporting a beneficial role of bio-
tin in MS derives from a small, uncontrolled study in 23 
PPMS and SPMS patients, reporting improved visual and 
motor functions in almost all patients [266]. Following this 
pilot study, a first Phase III trial in 154 PPMS and SPMS 
patients (SPI) showed alleviation of disability through biotin 
treatment [267].

4.2.2.2 Studies A second double-blind Phase III trial was 
initiated in 2016 (SPI2) [268], in which 227 PPMS and 
415 SPMS patients without relapses in the previous 2 years 
were randomly assigned to either 300 mg/day biotin or pla-
cebo. All patients remained in the double-blind, placebo-

controlled phase of the trial until the last-entered participant 
reached Month 15. At that time, all patients switched to 
biotin treatment at the next scheduled visit. Therefore, the 
placebo-controlled part of the study lasted between 15 and 
27 months (mean duration: 20.1 months). Continuation of 
treatment with DMTs was permitted throughout the whole 
trial. The pSE evaluated differences in the proportion of 
patients with a confirmed improvement in EDSS score or 
T25FW after 12 months. Unfortunately, biotin failed to pro-
vide significant benefits in terms of the pSE. Furthermore, 
the study did not meet any secondary endpoint (e.g., time to 
EDSS progression, change in T25FW).

In addition to the SPI2 trial, two studies were con-
ducted in real-world settings. The first was performed in 
seven PPMS and 36 SPMS patients, including also relaps-
ing patients [269]. Using an open-label design, all patients 
received 300 mg/day biotin for 1 year as an add-on medi-
cation in the case of a pre-existing DMT. One-third of the 
patients reported subjective worsening of MS, leading to an 
increased EDSS score in two cases. Only two participants 
experienced clinical improvements, which were, however, 
not sufficient to decrease EDSS. Strikingly, only 24 of 43 
patients completed the whole study duration. The main rea-
sons for withdrawal included a lack of efficacy and worsen-
ing of symptoms.

The second open-label study within a real-word setting 
included 84 PPMS and 94 SPMS patients [270]. Concomi-
tant intake of DMTs was permitted. The pSE assessed the 
improvement of disability after 12 months of high-dose bio-
tin treatment, measured by a decrease in EDSS. A reduction 
of the EDSS score was observed in only six patients. Sec-
ondary outcome parameters, analysing disability, processing 
speed, and radiological activity, revealed no benefits other 
than a significant improvement in the pain and discomfort 
dimension in a patient questionnaire. Although the ARR was 
not enhanced compared to the time prior to biotin treatment, 
MRI assessment demonstrated radiological activity in about 
30% of patients with MRI scans.

4.2.2.3 Comment Not only failure in clinical trials but also 
inconclusiveness of the propagated role of biotin in auto-
immune neuroinflammation question further application. 
Clinical improvement through biotin substitution in the case 
of biotinidase deficiency appears consistent in the light of 
severe shortness of biotin. However, it seems unlikely that 
the mere increase of fatty acid supply enhances the highly 
complex processes of remyelination in MS. Moreover, 
recent pre-clinical data provide evidence contradicting a 
beneficial impact of biotin on autoimmune neuroinflamma-
tion. Buonvicino et al reported that biotin failed to increase 
ATP levels in murine cortical neurons [271]. Further, biotin 
was unable to protect neurons from glutamate-induced exci-
totoxicity and oligodendrocytes from cuprizone-mediated 
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injury. Even more, biotin treatment did not affect EAE pro-
gression in non-obese diabetic mice, resembling progressive 
MS [271]. To the best of our knowledge, biotin was also 
never shown to promote remyelination in vitro or in vivo. 
Given the lack of beneficial effects of biotin treatment on 
brain atrophy and serum neurofilament levels in the SPI2 
trial [268], a neuroprotective effect is also highly unlikely.

Besides the doubts about its mechanism of action, some 
studies reported increased rates of relapses and MRI lesions 
under high-dose biotin treatment even in patients without 
previous relapses [267, 269, 270, 272–276]. A possible 
biotin-mediated influence on BBB integrity has not been 
assessed. Furthermore, immunomodulatory effects of high-
dose biotin are not sufficiently clarified. Investigation of 
PBMCs obtained from biotin-treated patients with clinical 
or MRI worsening indicated changes in immune cell fre-
quencies [277]: a decrease in the overall number of lym-
phocytes, a reduction of  CD4+ as well as  CD8+ T cells, 
and an increase of class-switched memory IgD-CD27+ B 
cells were reported. Unfortunately, subpopulations of  CD4+ 
T cells were not further characterised, limiting conclusions 
about biotin-mediated effects on the inflammatory response.

However, the SPI2 trial did not confirm the fear of a 
higher relapse rate [268]. Additionally, a large retrospective 
study (IPBio-SeP) investigates the incidence of relapses in 
biotin-treated patients [278]. Intermediate analysis of 1279 
biotin-receiving patients and 483 controls did not show a 
difference in the frequency of relapses after 16 months.

One reason for the different outcomes of biotin treat-
ment in the SPI compared to the SPI2 trial may have been 
the markedly higher placebo response rate in the SPI2 trial 
strongly reducing the power of this study [268]. However, 
given the much higher number of patients in the SPI2 trial, it 
is more likely that the beneficial effects observed in the SPI 
trial resulted from a type 1 error [268]. In addition, the rate 
of disability progression was reduced in both groups of the 
SPI2 trial. This, in turn, may have caused the observation 
period to be too short to depict the neuroregenerative effects. 
A striking point in the study design of the SPI2 trial is the 
pSE as it evaluated the improvement of disability. However, 
a delay of disease progression seems to be much more real-
istic than a significant improvement of clinical symptoms.

Altogether, given the negative results of the SPI2 trial and 
two studies in real-world settings, a beneficial effect of biotin 
in progressive MS in unlikely.

4.3  Other Approaches

4.3.1  Glycogen Synthase Kinase‑3—Lithium

4.3.1.1 Background Being one of the first FDA approved 
drugs, lithium is a mood-stabiliser essential for the treat-
ment of bipolar disorders [279]. Pre-clinical data obtained 

from several EAE models give rise to the use of lithium in 
neuroinflammatory conditions [280, 281]. Although lithium 
affects diverse targets, amelioration of neuroinflammation 
seems to be mainly mediated by suppression of glycogen 
synthase kinase-3 (GSK-3) [280]. Inhibition of GSK-3, for 
instance, interferes with the generation of  TH1 [282] and 
 TH17 cells [283]. Suppression of GSK-3 might also preserve 
BBB integrity through upregulation of the WNT/β-catenin 
pathway [284]. There is further evidence for the involve-
ment of lithium and GSK-3 in MS as serum lithium levels 
are reduced in RRMS patients [285], while expression of 
GSK-3β was upregulated in patients suffering from PPMS 
[286].

4.3.1.2 Studies Following promising pre-clinical results, 
an open-label, rater-blinded Phase I/II trial was performed 
in 3 PPMS and 20 SPMS patients [287]. Disease duration 
varied from 3 to 43 years. The study was conducted in 
a cross-over design, with random assignment to lithium 
treatment in either the first or second year. Lithium doses 
varied between 150 and 300 mg/day. Simultaneous treat-
ment with DMTs (natalizumab, interferon-β, GA) was 
permitted. The application of lithium resulted in positive 
but non-significant trends for the pSE, i.e., the PBVC. 
Moreover, lithium treatment failed to affect secondary 
clinical objectives (e.g., change in EDSS, MSFC) but sig-
nificantly improved patient-reported outcomes in terms of 
the mental domains of the MS Quality of Life-54 ques-
tionnaire [288].

4.3.1.3 Comment Besides the open-label design, heter-
ogenous baseline characteristics in terms of divergent dis-
ease durations and simultaneous application of DMTs in 
some patients hinder interpretation of the results. Unfortu-
nately, there are no data on correlations between outcome 
results and DMT intake or patients’ lithium serum levels, 
which might have been interesting given the low doses 
administered.

Further, due to the variety of affected targets, lithium-
induced aggravation of neuroinflammation cannot be 
excluded. Among the possibly involved mechanisms is 
the WNT/β-catenin-mediated dysfunction of remyelina-
tion [289]. Another example is the activation of the pro-
tein kinase Akt-1 by lithium, as recent data demonstrate 
a detrimental role of Akt-1 in EAE [290]. In line with 
this, a retrospective analysis of lithium treatment including 
101 US veterans with all types of MS revealed increased 
relapse rates. The worsening of EDSS, however, was sig-
nificantly slowed [291].

Given the small number of participants, methodologi-
cal limitations, and the lack of other prospective trials, the 
role of lithium in MS remains elusive.
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5  Discussion

In this review, we give an update on clinical trials evalu-
ating remyelination-promoting strategies, neuroprotective 
treatments, and other approaches that either failed or were 
interrupted for other reasons. Thereby we continue our 
series of previous reviews on failed trials in the context 
of MS [292–295]. Of note, a current update on failed or 
interrupted studies of immunomodulatory agents has been 
recently given in a separate article [9].

The most important lesson learned from the failed trials 
is the demand for further research. Many of the pathways 
involved are known. However, we do not ultimately under-
stand their interplay resulting in remyelination and, more 
important, the mechanisms underlying its insufficiency 
[6]. There is a lack of comprehension of why remyelina-
tion fails in some patients, while others display a high 
proportion of remyelinated lesions [87]. Further insights 
into the crucial processes of remyelination are required to 
address them sufficiently. Accordingly, given the hetero-
geneity of lesions, the variety of disease courses, and the 
complexity of MS, it seems unlikely that targeting single 
pathways will be efficient [296]. Therefore, a combination 
of approaches that promote not only OPC proliferation and 
differentiation but also establish a favourable microenvi-
ronment seems to be more promising [297]. Moreover, the 
combination with immunomodulatory drugs might create 
a less inflammatory but more favourable milieu enhancing 
remyelination and providing further benefit by tackling 
MS pathophysiology more widely. Of the reviewed drugs 
that were tested in combination with immunomodulatory 
agents, most agents were examined as add-on therapeutics 
to interferon-β [22, 60, 71, 98, 120, 169]. Due to the pleth-
ora of interferon-mediated mechanisms, however, there is 
a high risk for (unforeseen) interactions [38]. Considering 
these unpredictable interactions, the use of compounds in 
combination with interferon-β might lead to antagonis-
tic effects. In the case of atorvastatin, for instance, com-
bined use with interferon-β has potentially antagonised 
interferon-mediated suppression of MMPs and phospho-
rylation of STAT 1 [36, 37]. This may have attenuated 
beneficial clinical effects in the active treatment group. On 
the other hand, the combination of interferon-β with com-
pounds that induce comparable processes might cover 
differences between the active treatment and the control 
group, as described for inosine (see 3.1.4) and minocy-
cline (see 3.3.2). In contrast, monoclonal antibodies such 
as natalizumab could be a more suitable alternative, as 
they provide several advantages over interferon-β. First, 
the more selective mechanisms of action facilitate com-
binations with promising compounds since interactions 
at the molecular level are easier to predict [298]. Second, 

monoclonal antibody therapies provide a higher degree 
of disease control as well as a stronger suppression of the 
inflammatory activity making them a favourable partner in 
add-on studies with neuroregenerative agents [299].

We also observed a trend to repurpose well-known thera-
peutics that are licensed for other diseases in the context of 
autoimmune neuroinflammation. Thereby, investigators not 
only minimise the risk of unforeseen adverse reactions but 
also reduce costs and accelerate the progression through the 
different phases of clinical trials to enter the market. How-
ever, none of these drugs has been resoundingly successful 
[22, 142, 169, 183, 184, 203, 222, 246, 287]. Along with 
a lack of efficacy, in some cases, the initial indication for 
approval turns out to cause side effects limiting the use in 
MS, as seen for EPO [233]. Nevertheless, the latter exam-
ple shows that designing new and more specific derivates 
might be a way to reduce side effects but still benefit from 
the initial rationale.

Given the frequent failure of approaches that proved effi-
cacy in pre-clinical experiments, it becomes obvious that 
animal models help study specific facets of CNS autoim-
munity but cannot resemble the whole intricacy of MS. The 
cuprizone model, for instance, gives valuable insights into 
processes of remyelination but neglects the inflammatory 
impact [110]. Another useful tool for studying the neurore-
generative abilities is a model using injections of the white 
matter gliotoxin lysolecithin [300]. This acute injury in a 
localised area allows remyelination to be assessed in the 
absence of ongoing tissue damage [301]. However, this 
injury occurs without chronic involvement of lymphocytes 
[296]. EAE, on the other hand, shares many immunological 
and histological characteristics with MS. Still, the intensity 
of the ongoing inflammatory response might impede the 
investigation of remyelination [296].

Moreover, it is highly relevant to select animal models 
according to the presumed mechanism of action of the tested 
compounds. For example, agents treating neurodegeneration 
should be studied in models that share pathophysiological 
features of progressive MS, such as EAE in non-obese dia-
betic MS mice [271, 302]. Nevertheless, promising agents 
need to be evaluated in not just one animal model but dif-
ferent in vivo and in vitro approaches, covering a variety of 
aspects involved in MS.

Another important aspect involves frequently observed 
problems regarding the reproducibility of pre-clinical data 
between different laboratories. These problems are partly 
based on to the strong dependence of experiments on fac-
tors such as the strain or genetic background of the animals, 
the environment, or the diet [303]. A hopeful approach to 
improve the reproducibility of insights gained from animal 
experiments may be pre-clinical randomised controlled trials 
(pRCTs) that are conducted in a number of different labo-
ratories under standardised conditions [304]. These pRCTs 
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could provide a higher degree of comparability and validity 
of pre-clinical data. Therefore, these pRCTs could be an 
important step to bridge the gap between pre-clinical studies 
and Phase I clinical trials.

Furthermore, it needs to be discussed to what extent 
compounds in early clinical trials should necessarily be 
evaluated solely on the basis of the achievement of statisti-
cal significance of study endpoints. In some cases, such as 
GSK239512 [120], the effect size may have been overesti-
mated. Therefore, possibly also in light of the already high 
costs, many studies were likely underpowered. Neverthe-
less, these studies can provide important insights into the 
mechanisms of action of the evaluated compounds. More 
importantly, subgroup analyses can be used to select patients 
who may benefit from treatment in subsequent clinical trials. 
Therefore, promising candidates should not be discarded just 
because they failed to meet the pSE.

6  Conclusions

The key conclusion is the critical requirement of appropri-
ate study designs. Most importantly, there is still a need for 
reliable and sensitive outcome parameters in trials investi-
gating neuroregenerative therapeutics. To date, there is no 
marker available that can distinguish between pre-existing 
and remyelinated myelin [6]. In addition, it is not clear how 
to properly quantify remyelination. A variety of imaging 
techniques, including MTR, DTI, or positron emission 
tomography, have emerged and have already been proven 
to depict the extent of remyelination [305–307]. However, 
these methods are not widely used or sufficiently validated 
[308]. In the trials reviewed, only the study on GSK239512 
made use of one of these techniques as pSE [120]. Another 
approach to detect remyelinating effects is the measurement 
of multifocal VEPs, a technique that uses simultaneous 
stimulations of the visual field [96]. In this way, multifocal 
VEPs provide a higher degree of sensitivity and specific-
ity in detecting regeneration of the anterior visual pathway 
compared to conventional VEPs [309].

In terms of studies investigating neuroprotective 
approaches, future trials might also include neurofilament 
light chain (NfL) measurement. Neurofilaments are part of 
the neuronal cytoskeleton and particularly enriched in axons. 
Thus, neurofilaments are released into the CSF and serum 
upon neuroaxonal injury [310] making NfL measurement a 
promising tool elucidating neuroprotective effects. Although 
not being MS-specific, NfL was shown to be a biomarker of 
disease activity and predictor of the long-term outcome in 
MS tracking both neuroinflammatory and neurodegenerative 
damage [310–312].

As well as these parameters, the demand for adequate 
clinical outcome criteria is even more critical. Compounds 

will only be successful therapeutic options for patient care 
if they not only improve paraclinical parameters, but provide 
a relevant benefit to patients. Therefore, sensitive clinical 
endpoints that depict the effects of neuroregeneration (e.g., 
improvements of cognitive symptoms) are urgently required. 
In particular, integrated clinical scores reflecting different 
clinical dimensions, as used in the SYNERGY [98] and 
IPPoMS trials [222], seem to be favourable to assess the 
clinical effects of neuroprotective and neuroregenerative 
agents.

Further, the beneficial effects of neuroprotection are 
mainly attributed to regeneration from axonal injury and 
reduced accumulation of neuronal damage over time [6]. 
Thus, clinical effects are unlikely to be observed after a sin-
gle relapse. They might rather be seen after years in terms of 
delayed disability and disease progression, thereby claiming 
for long-term trials [308]. Yet, most of the current trials do 
not meet this need for an extensive follow-up period.

Another important aspect with regard to the study 
design, especially of remyelinating therapies, is the age of 
the patients included. Taking the subgroup analysis of the 
RENEW study as an example, age-dependent differences 
in the efficacy of remyelinating approaches become clear 
[106]. Remyelination capacities, for instance, decline with 
age [107]. Future studies need to show, whether this decline 
leads to a decreased success of remyelinating therapies or 
possibly, on the contrary, to an improved outcome of remy-
elinating therapies due to a wider margin of improvement. 
Therefore, the age of the participants needs to be considered 
in the study design of these therapies in form of stricter age 
restrictions and age matching approaches. In addition to the 
influence of age, the disease duration also appears to have 
a major impact on the efficacy of neuroregenerative as well 
as neuroprotective therapies. Underlying reasons seem to 
involve advanced damage of neuroaxonal structures. First, 
the presence of functionally intact axons is a mandatory 
prerequisite for remyelination [6]. Second, the integrity 
of neuronal networks seems to be significantly reduced in 
advanced stages of the disease, reducing the potential suc-
cess of neuroprotective approaches [111]. Hence, a more 
accurate consideration of disease duration is essential for 
the study design of future trials.

Contrasting results of the same agent in different disease 
entities, as observed in trials on atorvastatin (see 3.1.1) or 
EPO (see 4.2.1), underline the importance of a strict sep-
aration of these entities in clinical studies. Together with 
the relevance of the different pathophysiological concepts 
underlying the disease courses [3], this observation high-
lights the importance of a careful selection of the appropri-
ate patient population for the success of clinical trials.

Finally, his review further emphasises the need for pub-
lication of failed clinical studies. Although these trials 
did not measure up to the expectations, they nevertheless 
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provide essential information on MS pathophysiology. In 
addition, they help to understand issues concerning the 
translation of insights gained from pre-clinical studies 
and are indispensable for advancements in study design. 
Therefore, investigators and journals should be further 
encouraged to publish negative outcomes.
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