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Abstract
In the past decades, multiple sclerosis (MS) treatment has experienced vast changes resulting from major advances in 
disease-modifying therapies (DMT). Looking at the overall number of studies, investigations with therapeutic advantages 
and encouraging results are exceeded by studies of promising compounds that failed due to either negative or inconclusive 
results or have been interrupted for other reasons. Importantly, these failed clinical trials are informative experiments that can 
help us to understand the pathophysiological mechanisms underlying MS. In several trials, concepts taken from experimental 
models were not translatable to humans, although they did not lack a well-considered pathophysiological rationale. The les-
sons learned from these discrepancies may benefit future studies and reduce the risks for patients. This review summarizes 
trials on MS since 2015 that have either failed or have been interrupted for various reasons. We identify potential causes of 
failure or inconclusiveness, looking at the path from basic animal experiments to clinical trials, and discuss the implications 
for our current view on MS pathogenesis, clinical practice, and future study designs. We focus on anti-inflammatory treat-
ment strategies, without including studies on already approved and effective DMT. Clinical trials addressing neuroprotective 
and alternative treatment strategies are presented in a separate article.

Key Points 

Failed or inconclusive multiple sclerosis (MS) trials are 
invaluable to our understanding of the pathophysiology 
and treatment of MS.

Trial failure present in relapsing–remitting study popula-
tions unveiled, among other things, the complexity of 
B-cell involvement in MS pathophysiology, that higher 
selectivity can probably imply lower efficacy, and that 
current animal models are useful tools but are not able to 
completely mimic the complexity of human disease.

Trial failures in patient populations with progressive 
forms of MS indicate that the best placement of future 
trials is in the early and more active phases of the pro-
gressive disease. Careful selection of study duration and 
outcome parameters, with a focus on longer follow-up 
periods and shorter tract-based pathway functions might 
be critical to a successful outcome.
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1  Introduction

The past decade has been marked by an overall decrease in the 
successful development of new drugs. Clinical trials in multiple 
sclerosis (MS) are regarded as an exception to this trend [1]. 
In this context, MS trials have a 27% success rate, defined as 
passing phases I, II, and III and receiving approval from the 
United States Food and Drug Administration (FDA) or Euro-
pean Medicines Agency (EMA), almost tripling the average 
industry rate of 10% [1]. Therapeutic options for patients with 
MS have developed from solely steroids to 13 approved disease-
modifying therapies (DMT), ranging from injectable biolog-
ics to the more recently approved small molecule drugs [2]. In 
addition, the methodology employed in MS trials has evolved 
in parallel with the therapeutic agents; for example, utilizing 
magnetic resonance imaging (MRI) techniques as a ‘surrogate 
marker’ to assess potential drug effects and biomarkers [3, 4].

Since inflammatory events are central to MS disease 
development, recent treatment approaches particularly 
reduce inflammatory disease activity [5, 6] by blocking 
the trafficking of autoreactive lymphocytes [7], prevent-
ing their adhesion and penetration into the central nerv-
ous system (CNS) [8], depleting their number, or targeting 
local activation and proliferation [9–11]. Novel emerging 
therapies are sophisticated monoclonal antibody (mAb) 
approaches and small molecule drugs based on a growing 
understanding of the underlying molecular signatures and 
immunopathophysiology of MS [12, 13].

Although the advances in DMT development for MS are 
encouraging, most drugs primarily target the immune sys-
tem, aiding patients with relapsing–remitting MS (RRMS), 
while therapeutics indicated for progressive forms—
namely secondary progressive MS (SPMS) and primary 
progressive MS (PPMS)—are sparse. The repurposing of 
drugs has been widely performed to establish a more effec-
tive and less expensive strategy [14]. However, agents used 
effectively in other autoimmune diseases or showing effi-
cacy in one particular form of MS do not necessarily target 
all MS subtypes [7, 8, 15, 16]. In fact, despite rational 
therapeutic concepts and convincing preliminary results 
from animal experiments, numerous promising candidates 
failed in clinical studies. Finally, despite their effective-
ness, several agents have revealed unexpected safety issues 
and risks during long-term treatment, leading to approval 
restrictions or withdrawal [17–19].

While trials with positive outcomes are usually pub-
lished in prestigious journals, many negative results are 
merely published as abstracts or not at all. It is, however, 
highly important to critically reflect on (unexpected) nega-
tive results to optimize future study designs and provide 
crucial insights into the immunopathogenesis of MS [18].

This article will discuss therapeutic strategies tested in 
phase I–III clinical trials in various MS subtypes since 2015, 

where either the therapy was ineffective, or the study was 
halted. We analyze the reasons underlying failure and dis-
cuss the implications for our current view on MS pathogen-
esis, clinical practice, and future study designs.

2 � Methods

We conducted a MEDLINE search to identify relevant arti-
cles published between 01 January 2015 and 31 December 
2019. The Medical Subject Headings (MeSH) terms applied 
were ‘multiple sclerosis’, ‘therapy’ or ‘treatment’, and ‘trial’. 
Since failed trials are often not published in peer-reviewed 
journals, eligible studies were also sourced from interna-
tional conferences, namely the Annual Meeting—American 
Academy of Neurology (AAN) and the European/Americas 
Committee for Treatment and Research in Multiple Sclerosis 
(ECTRIMS/ACTRIMS), personal communications with the 
authors, and consultation of national and international reg-
istries for clinical trials [United States National Library of 
Medicine (NLM); clinicaltrials.gov; European Union Drug 
Regulating Authorities Clinical Trials Database (EudraCT)].

Clinical trials for drugs that were intended to treat sec-
ondary complications of MS, such as spasticity, fatigue, and 
cognitive impairment, were excluded. Drugs being tested in 
combination with other drugs were included as long as the 
other drug was already FDA/EMA approved to treat MS.

2.1 � Classification of Clinical Trial Failure

A compound was deemed a clinical failure if it failed to 
meet the primary study endpoint (pSE). A short and incom-
plete overview will be provided concerning ‘commercial’ 
failures, meaning a compound that met the primary endpoint 
but failed to progress to a subsequent clinical trial because 
of the pharmaceutical company’s decisions.

The MEDLINE search with the outlined MeSH terms, 
together with studies presented at conferences and listed on 
clinicaltrials.gov, returned 6656 records in total. Amongst 
these studies, 21 records with a total of 16 distinct com-
pounds 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 Relapsing–
Remitting Multiple Sclerosis

3.1 � B‑Cell Targeting Therapies

Traditionally considered a T-cell-mediated disorder, 
the contribution of B cells in MS pathogenesis is now 
widely accepted [12, 20–24]. Compelling evidence for the 
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involvement of B cells include immunoglobulin and comple-
ment deposits in demyelinating brain lesions, the presence 
of intrathecal immunoglobulin synthesis, and, most impor-
tantly, striking results from clinical trials on B-cell deple-
tion therapies [12, 20–22]. Multiple strategies have been 
proposed for modulating B-cell populations in MS patients, 
including chimeric, humanized, and human CD19+ (inebi-
lizumab) and CD20+ (rituximab, ocrelizumab, and ofatu-
mumab) mAb, and agents (atacicept and tabalumab) that 
target B-cell maturation and differentiation [16, 25–28].

3.1.1 � Atacicept (TACI‑IgG)

3.1.1.1  Background  Based on the promising effects of 
B-cell-depleting therapies, it was reasonably argued that the 
modulation of B-cell differentiation, maturation, and sur-
vival could also provide therapeutic benefit. B-cell matu-
ration and differentiation depend on co-stimulatory signals 
and cannot be triggered by stimulation of the B-cell recep-
tor alone. The B-cell survival factors BAFF/BlyS (BAFF-
R/TNFSR13B/CD268) and a proliferation-inducing ligand 

(APRIL/TNFSF13/CD256) are central co-stimulatory 
factors for B cells. BAFF binds to and acts via the trans-
membrane activator, calcium modulator, and cyclophilin 
ligand interactor (TACI/TNFSR13C/CD267) receptor, the 
BAFF receptor, and the B-cell maturation antigen (BCMA/
TNFSR17/CD269). The BCMA receptor is also bound by 
APRIL (see, e.g., Schneider et al. for a detailed review on 
this topic [29]).

Atacicept is a human recombinant fusion protein and 
consists of the extracellular ligand-binding portion of the 
human TACI receptor, linked to a recombinant Fc domain 
of human IgG. It binds to soluble BAFF/BLyS and APRIL 
molecules and targets those factors via sequestration or 
neutralization, thereby preferentially impairing mature 
B cells and plasma cells, with less impact on progenitor 
and memory subsets [30, 31]. Since both compounds rely 
on the same mechanism, results from atacicept trials will 
be discussed together with results obtained from trials on 
tabalumab, a fully human IgG4 monoclonal antibody that 
neutralizes membrane-bound and soluble BAFF.

Fig. 1   PRISMA flow diagram of the reviewed literature. AAN American Academy of Neurology, ECTRIMS European Committee for Treatment 
and Research in Multiple Sclerosis, EU CT register European Union Clinical Trials register
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3.1.1.2  Studies  So far, two phase II studies (ATAMS 
and ATON) and a related extension trial (ATAMS-ex, 
NCT00853762) have been conducted in patients with either 
RRMS (ATAMS and ATAMS-ex) or acute optic neuritis 
(ON; ATON) [28, 32]. In the ATAMS study, 225 patients 
with RRMS were included and received weekly subcutane-
ous injections of atacicept (25, 75, or 150 mg) or placebo 
for 36 weeks, with the possibility of open-label extension to 
reach a total treatment period of up to 5 years (ATAMS-ex). 
Notably, after the independent monitoring and safety board 
observed increased MS disease activity, with the annualized 
relapse rate (ARR) more than double in all atacicept groups 
compared with placebo, the ATAMS trial was prematurely 
terminated. The relapse rate was initially a tertiary outcome 
in the trial and did not affect the primary outcome—mean 
number of gadolinium-enhanced lesions (GEL) in brain 
MRI—or long-term disease progression assessed via a 
60-week safety follow-up during which patients received 
standard DMT to reduce disease activity.

The 36-week ATON study compared the efficacy and 
safety of atacicept against placebo in 34 patients with ON 
as the first demyelinating event [32]. The pSE was the 
change in retinal nerve fiber layer thickness (RNFL) as a 
marker for optic nerve integrity measured by optical coher-
ence tomography. The study was canceled after the ATAMS 
study showed negative results. Analysis of the prematurely 
terminated study showed a lesser decrease in RNFL in the 
atacicept treatment group. However, in the atacicept treat-
ment group, a higher proportion of patients converted to 
clinically definite MS compared with placebo.

3.1.2 � Tabalumab

3.1.2.1  Studies  Silk and Nantz reported on a phase II, 
dose-escalating, randomized, placebo-controlled study eval-
uating the efficacy and safety of tabalumab in 245 patients 
with RRMS [16]. Participants either received tabalumab or 
placebo subcutaneously for a study duration of 73 weeks. 
The pSE was the number of total cumulative GEL (whether 
new, pre-existing, unchanged, or enlarged from previous 
scans), averaged over weeks 12–24. The study failed to 
meet the pSE, as no differences were detected between any 
of the tabalumab groups and placebo. Furthermore, there 
was no indication of any treatment effect on secondary 
outcomes, including the difference in the development of 
new and enlarging T2 lesions or the ARR. Notably, there 
was no evidence for rising numbers of relapses following 
tabalumab treatment, contrasting with the results from the 
atacicept trial. However, the proportion of patients report-
ing at least one treatment-emergent adverse event and the 
number of serious adverse events was higher in tabalumab-
exposed patients compared with placebo (results currently 

not further specified). Full publication of this failed trial is 
still pending.

3.1.2.2  Comment  Clinical studies on atacicept and tabal-
umab highlight the complexity of B-cell-related immune 
responses in MS and explore the underlying mechanisms 
since anti-CD20 drugs showed benefits in previous trials. 
In contrast to anti-CD20 antibodies, atacicept inhibits the 
differentiation of B cells into plasma cells and lowers serum 
immunoglobulin levels, while leading to an accumula-
tion of transitional B cells rather than depleting them [28, 
33]. Plasma cell depletion may have led to positive treat-
ment effects in other autoimmune diseases [e.g., rheuma-
toid arthritis (RA)] that are strongly linked to autoantibody 
production [34]. In MS, antibodies themselves may also 
play a role; however, the regulation of T cells via B-cell-
dependent mechanisms seems more important [12]. In the 
pathogenesis of MS, a divergent role for B cells has been 
described. On the one hand, antigen-specific B cells can 
provide the essential stimulus for antigen-specific T cells. 
On the other hand, interleukin (IL)-10-producing B cells 
can have a regulatory effect, constraining the activation of 
T cells and thereby reducing disease severity [35]. Indeed, 
BAFF/BLyS are essentially involved in the differentiation 
of these regulatory B cells [36]. Thus, one possible explana-
tion for increased disease activity, as seen in ATAMS, might 
be the B-cell subset-specific effects of atacicept, disturbing 
the fine-tuned balance of conventional and regulatory B 
cells and resulting in exaggerated T-cell responses.

Moreover, atacicept and tabalumab transiently increase 
memory B cells [16, 37]. Therefore, probably the most 
important issue is that, compared with other B-cell targets 
such as CD20+ cells, memory B cells are spared under treat-
ment with both tabalumab and atacicept, and T-cell activa-
tion may be preserved [28].

Furthermore, a direct mechanistic comparison of the 
small molecule atacicept with the mAb tabalumab would be 
of interest. Unfortunately, final publication of the failed trial 
of tabalumab is still pending, such that no conclusions about 
the differences in shifting B-cell populations can be provided 
so far. Additionally, the final results of the ATAMS-ex study 
are of particular interest but are also still pending. Whether 
long-term disease progression, including conversion to the 
SPMS subtype, and safety profile will differ in the atacicept 
compared with the placebo group is therefore currently not 
clear.

Another human mAb-targeting BAFF, Ianalumab 
(VAY736), was recently tested in a phase II trial 
(NCT02038049). However, the study recruitment was termi-
nated based on strategic considerations after the enrolment 
of eight patients. The results of this trial are not available 
yet.
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3.2 � Primary T‑Cell Targeting Therapies

The pathophysiological rationale for targeting T cells in 
MS is based on several aspects, including the accumula-
tion of considerable numbers of both CD4+ and CD8+ cells 
in inflammatory MS lesions [38]. Also, data from different 
genome-wide susceptibility studies revealed that most MS-
related genes are involved in antigen presentation to T cells 
or affect the T-cell pathways themselves [39]. Several of the 
currently approved DMT for treating MS target T lympho-
cytes, either in a pleiotropic manner (e.g., interferons), by 
depleting immune cell populations involving T cells (e.g., 
anti-CD52, alemtuzumab), or by directly interfering with 
specific pathways (e.g., natalizumab).

3.2.1 � Abatacept

3.2.1.1  Background  Cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4; CD152) is an extensively studied co-
inhibitory molecule expressed on T lymphocytes, damp-
ening immune responses upon binding to B7-1 (CD80) or 
B7-2 (CD86) on antigen-presenting cells. CTLA-4 is known 
to be an important negative regulator of T-cell function 
[40]. Further, CTLA-4 has been implicated in the control 
of self-reactivity by modulating the action of CD4+CD25+ 
regulatory T cells (Treg) [41]. In this context, anti-CTLA-4 
treatment exacerbated the disease course in an experimental 
autoimmune encephalomyelitis (EAE) model, while cer-
tain CTLA-4 gene polymorphisms also seem to be associ-
ated with human MS [42, 43]. The CTLA-4 pathway can 
be activated by abatacept, a chimeric protein consisting of 
the extracellular domain of human CTLA-4 fused to the Fc 
region of human IgG1. Activation of the CTLA-4 pathway 
reduces immune activity—a general indicator that this ther-
apy has considerable potential for treating RRMS.

3.2.1.2  Studies  Following a small pilot study assess-
ing the safety and immune mechanisms of abatacept in 
2008 [44], a placebo-controlled, phase II trial was initi-
ated, including 219 patients with RRMS randomized to 
abatacept at one of two doses or placebo. This trial was 
prematurely terminated by the safety board because of an 
increased ARR and inflammatory MRI activity in the low-
dose treatment group (NCT00035529) [45]. Although 
halted prematurely, a post-hoc analysis of the trial 
revealed that patients in this treatment arm had a higher 
baseline disease activity at the time of study inclusion, 
suggesting either a randomization problem or complex 
dose–response interactions and providing the rationale 
for another attempt a few years later. In the subsequent 
placebo-controlled phase II clinical trial, 65 patients with 

RRMS were enrolled (ACCLAIM study) [46]. Patients 
were randomized to monthly intravenous infusions 
of abatacept or placebo for 24  weeks, with a crossover 
design at 28 weeks, and received their final dose of study 
medication at 52 weeks. The pSE, assessing the cumula-
tive number of new GEL, was not reached. No statisti-
cally significant differences were observed for other MRI 
or clinical parameters of disease activity, including alter-
native endpoints such as no evidence of disease activity 
(NEDA) [47].

3.2.1.3  Comment  Despite its theoretical advantages and 
proven therapeutic efficacy in some immune-mediated 
diseases (e.g., RA), CTLA-4-Ig failed to show clinical 
benefits for other autoimmune conditions, including type 
1 diabetes mellitus, lupus nephritis, and RRMS [46, 48]. 
The ACCLAIM trial had shortcomings in study design. 
Due to slow enrollment, the investigators decided to 
close the study earlier than planned after enrolling only 
65 patients. Initially, a sample size of 123 patients had 
been defined to demonstrate a treatment effect of a 50% 
reduction in new GEL. Moreover, immunological changes 
in patients with RRMS participating in the ACCLAIM 
trial were subsequently analyzed to elucidate the cellular 
and molecular targets of a co-stimulatory blockade with 
CTLA-4-Ig [48]. Upon abatacept treatment, a transient 
decrease in circulating T follicular helper (Tfh) cells and 
plasmablasts was observed. The contribution of these cells 
in the cohort of MS participants from the ACCLAIM trial 
(RRMS with low disease activity) remains unclear. The 
observed effects could explain the poor efficacy in this 
cohort compared with reports on autoimmune conditions 
strongly associated with aberrant Tfh cell and plasmablast 
responses [49]. Further, a significant reduction in the rela-
tive frequency of CD45RO+ memory Treg was detected 
[48]. These negative effects on Treg cells might impact 
the balance between effector and regulatory cell function 
and are detrimental to tolerance induction. This is par-
ticularly noteworthy since the frequency of CD45RO+ 
memory Treg is limited, and their function is intrinsi-
cally impaired in MS [50, 51]. Importantly, despite the 
observed reduction in Treg cells, no evidence of increased 
clinical or MRI disease activity was observed following 
abatacept treatment [46].

Interestingly, the cellular and molecular responses 
associated with abatacept therapy in both Treg and Tfh 
cells reversed upon discontinuation of treatment [48]. This 
reversal indicates that a co-stimulatory blockade does not 
lead to permanent reprogramming of these cells, provid-
ing a further explanation for why abatacept alone does not 
promote the development of sustained tolerance.
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3.3 � Various mechanisms

3.3.1 � Vitamin D

3.3.1.1  Background  The complex interplay between envi-
ronmental risk factors and susceptibility genes that pro-
motes the development of inflammatory brain lesions in MS 
is still not fully elucidated [52]. Geographical features are 
one known environmental risk factor. The observed geo-
graphical distribution of MS reveals a higher prevalence 
in regions of higher latitude and lower sunlight exposure. 
In past years, the immunological relevance of vitamin D 
receptor activation has become clearer: activation of vita-
min D receptors on T cells induces a shift towards the T 
helper 2 (Th2) cell lineage, and vitamin D-primed dendritic 
cells stimulate the expansion of Treg by secreting the anti-
inflammatory cytokines IL-10 and transforming growth fac-
tor (TGF)-β [53–55]. Of note, a prospective study showed 
that high circulating levels of vitamin D are associated with 
a lower risk of MS [56]. Accordingly, a correlation between 
increased outdoor activities in childhood and adolescence 
and a reduced risk of developing MS has been reported in 
several studies [57, 58].

3.3.1.2  Studies  During the last 5  years, two randomized, 
placebo-controlled studies (SOLAR, CHOLINE), one 
dose-escalating study (EVIDIMS), and one related sub-
study (SOLARIUM) used vitamin D as add-on medication; 
all these studies failed to meet their pSE [59–61]. In the 
SOLAR study, 229 RRMS patients who were in a treatment 
regimen with subcutaneous interferon-β-1a and had serum 
vitamin D levels < 150  nmol/L were enrolled to receive 
interferon-β-1a plus either placebo or oral high-dose vita-
min D 14,007 IU/day [59]. The pSE was the proportion of 
patients with NEDA-3 (defined as no relapses, no disabil-
ity progression, and no MRI activity) at week 48. Thirty-
six percent of patients in the active treatment group versus 
35.3% of patients in the placebo group achieved NEDA-3, 
with no statistically significant difference between groups. 
SOLARIUM, a substudy of SOLAR, included 56 Dutch 
participants [60]. The pSE was defined as an increase in the 
proportion of cells in the immune regulatory cell compart-
ment (Treg and B regulatory cells) at week 48 upon high-
dose vitamin D supplementation and was not achieved. 
Also, the proportions of Th subsets were not affected by 
vitamin D in this study.

The EVIDIMS trial was a dose-escalating phase II study 
that enrolled 53 patients with either RRMS or clinically 
isolated syndrome (CIS) who were under subcutaneous 
interferon-β-1b treatment [61]. Participants received either 
high-dose (20,400  IU) or low-dose vitamin D (400  IU) 
every other day for 18 months. The pSE was based on the 

T2-weighted lesion development at month 18 compared with 
baseline and did not differ between cohorts. The same was 
observed for further MRI (GEL development, WBA) and 
clinical outcome measures (ARR, Expanded Disability Sta-
tus Scale [EDSS] [62] progression).

The CHOLINE trial included 181 RRMS patients on 
an immunomodulatory therapy with interferon-β-1a, who 
received either high-dose oral vitamin D3 (100,000 IU) or 
placebo as an add-on treatment every other week for 2 years 
[63]. Key inclusion criteria were a low serum vitamin D 
concentration (< 75 nmol/L) and at least one documented 
relapse during the previous 2 years. The pSE, defined as a 
positive change in the ARR at 96 weeks, was not met. How-
ever, a significant effect on secondary outcome measures 
such as a lower volume of T1-weighted lesions and reduced 
EDSS progression was observed.

3.3.1.3  Comment  Although protective effects can be seen 
in EAE after vitamin D supplementation [53, 54], the rel-
evance in human MS seems to be less conclusive. In this 
context, the reviewed studies are in line with previous trial 
failures of oral vitamin D supplementation in MS [64, 65]. 
The correlation of light exposure, geographical parameters, 
and vitamin D intake with MS prevalence might be con-
founded by other factors such as dietary differences and 
antigen exposure. Moreover, the vitamin D-mediated effect 
in EAE is thought to be IL-10-dependent [55]. In human 
MS, this protective effect may be out-scaled by other pro-
inflammatory signaling pathways relevant to MS pathogen-
esis.

Moreover, a recently published study by Häusler et al. 
reported clinical deterioration in a murine EAE model upon 
high-dose vitamin D supplementation, mediated by a T-cell 
stimulatory effect of secondary hypercalcemia [66]. While 
vitamin D at moderate levels exerted a direct regulatory 
effect, mice with vitamin D levels > 200 nmol/L developed 
fulminant EAE with massive CNS infiltration of activated 
myeloid, Th1, and Th17 cells. Correspondingly, a small pilot 
study on 15 patients with active RRMS who received vita-
min D at 2.5 mg/day for 48 weeks reported frequent adverse 
events due to hypercalcemia for patients not strictly adhering 
to a calcium-restricted diet [67]. In contrast, several high-
dose vitamin D supplementation studies with median vita-
min D levels of up to 380 nmol/L did not show any cases 
of hypercalcemia [59, 68, 69]. To this point, no develop-
ment of proinflammatory T cells after high-dose vitamin D 
supplementation in MS patient cohorts has been described. 
Therefore, hypercalcemia rather than vitamin D supplements 
might lead to MS exacerbation. However, mechanistic obser-
vations stress the importance of carefully monitoring the cal-
cium metabolism in clinical studies with high-dose vitamin 
D in MS. Uncritical and continuous supplementation with 
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high-dose vitamin D as propagated by few individuals in the 
field may not be advisable.

Overall, the studies published to date provide no evidence 
of a beneficial effect of oral vitamin D supplementation on 
clinical disease progression in MS.

3.4 � Antiviral Approaches

Strong evidence suggests that infectious pathogens might 
trigger the development of MS. In particular, several viruses 
are associated with the disease and are therefore proposed 
as treatable therapeutic targets [70]. Viral infections (e.g., 
human herpes virus, Epstein–Barr virus) often precede 
the disease onset, and several studies describe viruses as 
potential triggers of relapse [71, 72]. However, despite great 
research efforts, no infectious agent has been identified so 
far that triggers the development of MS.

3.4.1 � Temelimab (GnbAC1)

3.4.1.1  Background  Human endogenous retroviruses 
(HERVs) represent almost 8% of the human genome but 
are usually epigenetically silenced [73, 74]. The expres-
sion of HERV-encoded proteins appears to engage patho-
physiological pathways, leading to several pathognomonic 
features of MS, including antibody production and myelin 
destruction and direct neuropathogenic effects [73, 74]. 
Interestingly, increased concentrations of the pathogenic 
HERV Type-W envelope protein (pHERV-W ENV) can be 
found in the peripheral blood, the CSF and cerebral lesions 
of MS patients [75] and seems to reflect clinical deteriora-
tion [76]. Accordingly, recent experimental studies showed 
that pHERV-W ENV induces axonal injury and negatively 
affects remyelination in MS [77].

Temelimab is a humanized IgG4 mAb against the 
pHERV-W ENV. Preclinical and early-phase safety treat-
ment studies of temelimab indicated good tolerability with-
out signs of immunogenicity, accompanied by the protec-
tion of oligodendroglial precursors and decreased levels of 
proinflammatory cytokine production [78–80].

3.4.1.2  Studies  In an early phase II placebo-controlled 
trial (CHANGE-MS), 270 RRMS patients were randomly 
assigned to receive either one of three doses of temelimab 
or placebo [81]. Participants received monthly intravenous 
infusions of temelimab for 24 weeks. The first results were 
announced at the ECTRIMS congress in 2017 [82]. The trial 
failed its pSE, based on the cumulative numbers of GEL 
in brain MRI over weeks 12–24, for all dosages compared 
with placebo. Moreover, no significant change in clinically 
apparent relapses or brain atrophy was observed in the teme-

limab patient cohorts. Only in participants showing GEL 
at baseline, a trend towards a reduction in new GEL was 
reported for the highest dose of temelimab (18 mg/kg) ver-
sus placebo at the 24-week follow-up. Full publication of 
this failed trial is still pending.

3.4.1.3  Comment  Although some epidemiologic studies 
suggest that viruses are connected to the development of 
MS, clinical trials using antiviral agents were mostly nega-
tive [82, 83]. Nevertheless, HERVs are candidates match-
ing many requirements of an ‘environmental trigger’ for 
MS development [75, 76, 78]. Abolishing initial or perma-
nent triggers is certainly of value, but adaptive auto- and 
cross-reactive T- (and B-) cell responses could have already 
evolved and might promote CNS inflammation indepen-
dently. Another downside of this approach is that no existing 
agents are capable of eliminating persisting viruses.

However, while the CHANGE-MS trial revealed no 
significant immunomodulatory effect on primary clinical 
and radiological outcomes, non-conventional MRI meas-
ures, including magnetization transfer ratio (MTR), were 
performed as secondary outcome measures. Of note, MTR 
measures were significantly increased in the patient group 
receiving high doses of temelimab compared with the pla-
cebo cohort. Moreover, cortical and thalamic thinning, as 
well as the number of T1 hypointense lesions, were signifi-
cantly reduced (GeNeuro press release, 2018 [84]). Thus, 
based on the results, temelimab treatment does not seem to 
be able to treat the inflammatory-driven part of MS (rep-
resented by relapses and GEL lesions); however, the posi-
tive outcome on MTR as a marker of remyelination raises 
awareness of possible neuroprotective effects. Overall, these 
results should be interpreted with caution since other estab-
lished DMT have also shown such effects [85, 86].

3.4.2 � Raltegravir

3.4.2.1  Background  The above-mentioned (pre-)clinical 
and laboratory evidence of the impact of HERVs in MS has 
been paralleled by clinical observations describing MS-like 
presentations in patients who were diagnosed with the exog-
enous retrovirus Human Immunodeficiency Virus (HIV). 
A few case reports of patients with confirmed diagnoses 
of both HIV and RRMS demonstrated long-term remission 
from RRMS when treated with HIV antiretroviral therapy 
[87]. Therefore, antiretroviral therapy might inhibit HERVs 
as well as inhibiting HIV, thereby ameliorating MS dis-
ease progression. To explore this observation, the phase II 
INSPIRE trial was conducted, investigating the role of the 
integrase inhibitor raltegravir in patients with active RRMS 
[88].
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3.4.2.2  Studies  In the INSPIRE trial, 20 active RRMS 
patients were enrolled, presenting GEL in the baseline brain 
MRI within a 3-month observation period without any study 
medication, followed by a 3-month treatment with raltegra-
vir at 400 mg twice a day. The pSE was the rate of GEL 
appearing on monthly brain MRI over the treatment period 
compared with the pretreatment observation time. Raltegra-
vir did not provide statistically significant evidence of effi-
cacy for the primary outcome; neither did it meet secondary 
outcome measures such as changes in cerebral T2 lesion 
count, EDSS, the 25-foot timed walk test (25TWT), quan-
titative virologic measurements, or inflammatory markers.

3.4.2.3  Comment  There are a number of possible reasons 
why raltegravir has no observed efficacy in the INSPIRE 
trial. First, the reviewed study progressed prematurely to a 
phase II trial as a previous phase I trial in the respective 
study population was not conducted. Also, no sufficient 
preclinical and in vitro data on the effectiveness of antiret-
roviral therapies in HERVs were available. The dose and 
frequency of raltegravir were chosen following the licensed 
regimen for treating HIV infection, and no preceding dose-
finding studies were conducted in an MS cohort.

Moreover, the trial was of limited duration, with base-
line and treatment phases both comprising 12 weeks. Due 
to insufficient preliminary data, it is, however, unknown if 
raltegravir may require longer treatment phases to achieve a 
therapeutic effect on HERVs. Last, raltegravir was adminis-
tered as a single therapy and not as a combination of antiret-
roviral therapies as is effective in treating HIV.

4 � Failed Clinical Trials in Progressive 
Multiple Sclerosis

4.1 � B‑Cell Targeting Therapies

4.1.1 � Rituximab

4.1.1.1  Background  The chimeric mouse-human anti-
CD20 mAb rituximab was the first anti-CD20 antibody to 
be licensed for use in humans and received an FDA approval 
for specific malignancies and RA [89]. The CD20 molecule 
is expressed through B-cell maturation; thus, rituximab 
effectively depletes late pre-B cells up to and including 
memory B cells but not early pro-B cells, plasma cells, or 
plasmablasts [90]. Since 2008, rituximab has received great 
interest after promising effects were observed in a clinical 
trial (HERMES) in RRMS patients [10]. However, in 2009, 
a placebo-controlled phase II/III trial (OLYMPUS) inves-
tigating the effect of rituximab on disability progression in 
PPMS patients failed to meet the pSE [15]. As the underly-
ing cause, it was assumed that the compartmentalization of 

pathogenic immune responses to CNS tissue in progressive 
MS prevents access through current DMT [91]. The follow-
ing phase I/II, placebo-controlled RIVITALISE trial was 
designed to compare intravenous and intrathecal adminis-
tration of rituximab versus placebo in patients with SPMS 
[92].

4.1.1.2  Studies  The goal of RIVITALISE was to assess the 
depletion of B cells in the CNS following both an intrave-
nous and intrathecal induction dose and the impact on neu-
roinflammation by measuring CSF biomarkers. However, 
the trial failed to reach the criteria for continuation [92]. 
Overall, 27 SPMS patients were enrolled in this single-
center, randomized study, and assigned to receive either 
rituximab (n = 18) or placebo (n = 9). Intrathecal rituximab 
was applied in three single doses of 25  mg each at base-
line, 1.5  months, and 12  months. The intravenous induc-
tion dose was twice 200 mg, with a 15-day interval. Of 18 
patients assigned to the treatment group, 14 received at least 
two doses of intrathecal rituximab and were included in 
the interim analysis. Clinical evaluations were done every 
6 months and included the EDSS, the Scripps Neurological 
Rating Scale (SNRS) [93], and the MS Functional Compos-
ite Scale (MSFC) [94]. Early termination of the trial led to 
clinical data that was underpowered for reliable analyses, 
with a maximum follow-up duration of 24 months (n = 5). 
Of note, the interim analysis revealed similar clinical wors-
ening for both placebo and active treatment groups. Corre-
spondingly, the 6-monthly neuroimaging assessment (look-
ing at the cumulative number of GEL) showed no significant 
results either. CSF and blood samples were collected to 
quantify the concentrations of selected biomarkers [e.g., 
rituximab levels, soluble CD21 (sCD21), sCD27, sCD14, 
BAFF, and CXC motif chemokine 13 (CXCL13)]. Although 
elevated in both compartments, CSF rituximab levels were 
approximately 50‐fold lower in comparison with serum lev-
els [92]. Consistent with the measurable levels of cell‐free 
rituximab in both compartments, depletion of peripheral B 
cells was complete and lasting, while the depletion of CSF 
B cells was incomplete and transient. Accordingly, B cells 
in CNS tissue were also depleted insufficiently, measured 
by BAFF levels (as an indirect marker, since BAFF is con-
sumed by B cells and plasma cells). The per-protocol prede-
termined threshold of at least 50% increase of BAFF in the 
CSF was not reached, which was required for study continu-
ation. Moreover, the ratio of sCD21 (a B-cell-specific sur-
face marker, especially on naïve cells) per B cell in the CSF 
increased significantly at 1.5 months. The ratio of sCD21 
is regarded as a measure of B cells compartmentalized to 
the CNS tissue [95]. Thus, it was concluded that intrathe-
cal rituximab preferentially eliminated the mobile CSF pool 
of B cells, while CNS tissue‐embedded B cells remained 
unaffected. Furthermore, the second prespecified protocol 
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criterion for continuation, a significant decrease in intrathe-
cal CXCL13 levels, was not fulfilled either.

4.1.1.3  Comment  Although inflammatory CNS responses 
also occur in patients with progressive MS forms, DMT 
proven to be effective in RRMS have largely failed to pre-
vent disability progression in SPMS or PPMS [7, 8, 15, 92, 
95, 96]. Lack of therapeutic efficacy in these indications 
can, in part, be explained by the combination of advanced 
CNS compartmentalization and terminal differentiation of 
pathogenic immune responses [97]. Indeed, while immune 
responses in RRMS patients predominantly consist of cells 
migrating within the CSF, immune cells in progressive MS 
patients are mostly embedded in CNS tissue [95]. Tertiary 
lymphoid follicles and higher levels of terminally differen-
tiated intrathecal lymphocytes apparent in progressive MS 
as opposed to RRMS further support this concept [97, 98]. 
Thus, the rationale behind the RIVITALISE trial is based on 
the capacity of intravenous rituximab to target systemic and 
CNS immune cells in RRMS (assuming blood–brain bar-
rier disruption). However, there was no major effect on CSF 
immune cells and disability in SPMS/PPMS patients (with a 
more intact blood–brain barrier): combined intravenous and 
intrathecal rituximab led to lower than expected depletion 
of intrathecal B cells and limited inhibition of MS-related 
inflammation in this cohort.

These results are in line with another small phase I trial 
assessing the safety of intrathecal rituximab in 23 partici-
pants with progressive MS and utilizing a similar dosing 
strategy for intrathecal rituximab as RIVITALISE [99]. 
Although reaching the primary safety outcome, evaluations 
of biomarkers revealed no sustained increase in CSF BAFF 
or reduction in CXCL13 levels, and brain imaging outcomes 
were unchanged [99]. The low efficacy of rituximab in both 
trials might be attributed to low bioavailability. Presum-
ably, the intrathecal concentration must be at least as high 
as serum concentration if rituximab is to reach brain tissue 
effectively. Whether the intrathecal dose chosen was too low 
or if complex mechanisms like internalization of the anti-
body-CD20 complex also play a role in the reduced ability of 
rituximab to deplete B cells remains elusive [100]. Moreo-
ver, a significant efflux of intrathecally administered rituxi-
mab into systemic circulation was observed. In the future, 
the modification of antibody structures (e.g., by minimizing 
the binding to neonatal Fc‐receptor, or by PEGylation) might 
optimize bioavailability. Moreover, the investigators in the 
REVITALISE trial attribute the low efficacy, at least in part, 
to a predominant reduction in complement-induced cytotox-
icity after intrathecal rituximab, due to the lack of compo-
nents capable of assembling the lytic terminal complement 
complex in the CNS. This assumption is consistent with the 
observation that supplementation of frozen fresh plasma 

increases the therapeutic efficacy of rituximab by provid-
ing additional complement [101]. However, this approach 
has not yet been applied to the intrathecal compartment and 
could have potential side effects on vital CNS tissue.

Nevertheless, two important findings emerge from both 
trials [92, 99]: (i) administration of antibodies to the CSF 
seems to be feasible and well tolerated, and (ii) incorpo-
rating biomarker assays that measure pharmacodynamic 
effects on key pathogenic pathways in CNS tissue might be 
informative for drug development.

4.2 � Primary T‑Cell Targeting Therapies

4.2.1 � Imilecleucel‑T (Tcelna/Tovaxin)

4.2.1.1  Background  The T-cell therapy/vaccination (TCV) 
concept employs an ex  vivo enriched source of human 
myelin reactive T cells, selected and expanded from each 
MS donor, attenuated by irradiation, and then re-injected to 
induce protective immunity [102, 103].

The interest in developing an autologous TCV for MS 
has grown steadily following the observation that murine 
myelin-reactive T cells can be transferred to induce EAE and 
that these T cells can be attenuated by irradiation and used 
as a vaccine to prevent EAE [104, 105]. Preclinical trials and 
small studies in humans have supported the hypothesis that 
TCV improves the clinical MS course through the actions of 
CD8+ cytolytic T cells [106]. Also, TCV has been found to 
elicit Th2 anti-inflammatory regulatory mechanisms, which 
may contribute to the downregulation of activated Th1/Th17 
cells [107]. Small open-label studies of T-cell vaccination 
revealed that this treatment was well tolerated [106, 108, 
109]. However, these promising trends await validation in 
larger proof-of-principle trials. Imilecleucel-T (Tcelna), 
formerly known as Tovaxin, is a T-cell immunotherapy 
that consists of an autologous pool of T-cell lines raised 
against six immunodominant peptides derived from myelin 
basic protein (MBP), myelin oligodendrocyte glycoprotein 
(MOG), and proteolipid protein (PLP) [109].

4.2.1.2  Studies  The Abili-T study was designed as a phase 
II, randomized, placebo-controlled trial, including 183 
SPMS patients with recent progression in MS-related neu-
rological deficits. Patients in the Imilecleucel-T study arm 
received two annual treatment courses consisting of five 
subcutaneous injections each, over a period of 48 months. In 
2016, Opexa Therapeutics announced that the trial did not 
meet its pSE, defined as a reduction in brain volume change, 
or secondary study endpoint, defined as reduction in the rate 
of confirmed disability progression (CDP). Full publication 
of this failed trial is still pending.
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4.2.1.3  Comment  Prior to the conduction of Abili-T, early 
phase I and II clinical and dose-finding studies on Imilecleu-
cel-T were conducted, indicating that the therapy was safe, 
well tolerated, and appeared to be associated with clinical 
benefits [106, 109]. However, trends reported in these pilot 
studies were not confirmed in the Abili-T trial, suggesting 
either wrong choices of vaccination clones or the existence 
of additional important pathophysiological mechanisms 
unaffected by this approach. Except for a modifying effect 
on myelin-reactive T cells, including CD8+ cytotoxic T cells 
and CD4+CD25+FoxP3+ regulatory T cells, evidenced by 
several preclinical trials, it remains elusive whether Imile-
cleucel-T interacts with other fundamental components of 
the pathological process in MS such as B cells and partici-
pants of the innate immune system. Therefore, the scien-
tific rationale for a vaccination with Imilecleucel-T remains 
largely theoretical. Moreover, further aspects need to be 
addressed, such as how long the depletion of reactive T 
cells will remain present in the vaccinated individual and 
if ‘boosting’ is required. In addition, data from a preceding 
phase II study of Imilecleucel-T (TERMS) pointed towards 
a higher efficacy when treatment was administered during 
the inflammatory phase of RRMS or in DMT-naïve sub-
jects. Since full publication is still pending, no statement 
about baseline characteristics of the Abili-T trials is avail-
able. However, this might further explain the limited treat-
ment efficacy within this cohort.

Of note, further studies are currently investigating TCV 
in RRMS using peptides from the specific autoantigen-rec-
ognizing complementarity determining region of myelin-
reactive T cells (NeuroVax, Immune Response BioPharma). 
Preliminary results regarding the vaccine NeuroVax indicate 
clinical stability in most patients, accompanied by a high fre-
quency of IL-10-secreting cells and an increased expression 
of Treg cells [110]. Further clinical trials on NeuroVax in 
pediatric MS (NCT02200718) and SPMS (NCT02057159) 
are currently ongoing.

4.3 � Blocking or Sequestering Lymphocyte 
Trafficking

4.3.1 � Fingolimod

4.3.1.1  Background  Fingolimod, an oral sphingosine 
1-phosphate receptor (S1PR) modulator, is effective in treat-
ing RRMS [9, 111]. Fingolimod prevents lymphocyte egress 
from lymphoid tissue into circulation by downregulating the 
S1P1 receptor subtype. Current evidence further suggests a 
neuroprotective effect of fingolimod, as it directly reduces 
astrogliosis, inhibits neurodegeneration, and improves CNS 
tissue integrity [112, 113]. Indeed, slowing of whole‐brain 
volume loss has been indicated in three phase III trials on 
fingolimod in RRMS [9, 114, 115]. The ability of fingoli-

mod to reduce inflammatory infiltrates into the CNS while 
at the same time reducing neurodegeneration provided the 
rationale for the INFORMS phase III trial in PPMS patients.

4.3.1.2  Studies  INFORMS was conducted to assess the 
safety and efficacy of fingolimod in 970 patients with active 
PPMS, where active was defined as objective evidence 
of disability progression during the previous 2  years [7]. 
Patients were randomly allocated to receive either oral fin-
golimod (1.25 mg/day) or placebo for at least 36 months up 
to a maximum of 5 years (cohort 1). Following a protocol 
amendment in November 2009, patients were switched to 
fingolimod 0.5 mg in a blinded manner, whereas those in the 
placebo group continued with matching placebo. From then 
onwards, patients were assigned to receive either fingolimod 
(0.5 mg/day) or placebo (cohort 2). The pSE was defined as 
the time to reach 3 months’ sustained reduction in CDP in 
participants treated for at least 3 years. CDP was assessed 
based on changes in patients’ EDSS scores, walking speed 
on 25TWT [7], and performance in the 9-hole peg test 
(9HPT) [116]. The primary efficacy analysis included all 
patients in cohort 2 and those assigned to placebo in cohort 
1. The secondary study endpoint was brain volume loss.

Of note, fingolimod did not slow disease progression in 
PPMS patients; the secondary study endpoint was also not 
met.

4.3.1.3  Comment  Although a primary composite endpoint 
was used in the study to improve sensitivity, INFORMS did 
not show a benefit for fingolimod over placebo.

One key consideration for trials in PPMS patients is 
whether drugs are more effective in earlier and more active 
stages of progression or later and less inflammatory stages. 
In this context, results of the OLYMPUS trial on rituximab 
in PPMS suggested that age, disease duration, and presence 
of GEL on brain MRI at baseline could be predictors of ther-
apeutic responsiveness [15]. In the study presented by Lub-
lin and colleagues, more than 40% of participants were older 
than 50 years, and only 15% showed GEL [7]. In contrast, 
the mean age of the study population in the positive phase 
III ORATORIO trial on ocrelizumab in PPMS was 44 years, 
and 26.4% of participants demonstrated GEL at baseline. 
Whether the different efficacy ratings between those drugs 
are a consequence of the study population characteristics or 
other factors remains unclear [7, 12, 117].

Moreover, it is unclear whether the duration of contem-
porary trials in PPMS might be too short to detect efficacy, 
since the effects of anti-inflammatory therapies may take 
years to translate into reduced disability [118]. This obser-
vation is supported by a randomized, placebo-controlled 
study of interferon-β-1b in progressive MS [119]. At the 
end of the 2-year study period, no clinical or MRI differ-
ences were detected between placebo and active treatment 
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arms, whereas after another 5 years without treatment, the 
interferon-β-1b-group had significantly better upper limb 
function and cognitive outcomes. Therefore, even though 
INFORMS implemented follow-up visits over a period of 
3 years, the question arises whether the observation dura-
tion was long enough to overcome the therapeutic lag and 
appropriately assess the efficacy of fingolimod in PPMS.

Lastly, the negative results from INFORMS, combined 
with results from other trials testing approved RRMS thera-
pies in progressive MS, reinforce the critical insight that 
knowledge on pathophysiological mechanisms in progres-
sive MS is still limited. There are two aspects to consider 
in this context: lymphocytes already present in the CNS 
compartment at initiation might not be affected by S1PR 
modulation, and fingolimod treatment seems to increase the 
number of B cells in CSF [120].

4.3.2 � Natalizumab

4.3.2.1  Background  Natalizumab is a recombinant human-
ized mAb directed against α4-integrin molecules on leuko-
cytes, blocking transmigration of systemic immune cells 
into the CNS [121]. This mechanism, and an observed 
decrease in cerebral microglial activation [121], presented 
the rationale to test the efficacy of natalizumab in SPMS. 
Indeed, studies on natalizumab-treated RRMS patients have 
revealed evidence of enhanced tissue integrity and improved 
axonal metabolism [122]. Moreover, promising results from 
early phase I/II studies in SPMS and PPMS indicated sup-
pression of inflammatory CSF biomarkers, axonal damage, 
and demyelination [85, 123] and improved MTR in MRI 
[85] and ambulation [85, 124] following natalizumab.

4.3.2.2  Studies  In light of the aforementioned encouraging 
data, the phase III ASCEND trial, with an optional 2-year 
open-label extension, aimed to assess whether natalizumab 
slows disease progression in 889 subjects with SPMS, inde-
pendent of relapse rates [8]. Enrolled patients had to show 
disability progression (measured by an increase in EDSS 
score) unrelated to the number of relapses in the year before 
study inclusion. Participants were randomly assigned to 
receive intravenous natalizumab or placebo for 2 years, or 
over an extended period covering the extension study. The 
multicomponent study endpoint was defined as reduced 
CDP over the 96-week treatment period assessed via EDSS, 
25TWT, and 9HPT. Natalizumab showed no treatment 
effect for the EDSS or 25TWT components. However, it 
reduced the disability progression of the upper limb compo-
nent assessed by the 9HPT. Significant reductions in ARR 
and MRI measures of focal inflammation were also docu-
mented.

4.3.2.3  Comment  In contrast to several previous trials in 
progressive MS, ASCEND enrolled patients with predomi-
nantly nonrelapsing SPMS [125, 126]. As it is difficult to 
detect clinical changes in a slowly progressing MS cohort, 
ASCEND applied a multicomponent study endpoint. How-
ever, two components (EDSS and 25TWT) focused on 
lower limb function, which is not affected by natalizumab 
treatment, while statistically significant treatment effects 
were observed only for upper limb disability progression as 
measured by the 9HPT. Findings from ASCEND are in line 
with recent clinical trials on progressive MS that support 
the length-dependent axonopathy hypothesis [118, 127]. 
This hypothesis indicates that neuronal domains with longer 
central axonal projections are more likely to be involved 
early in the clinically apparent progressive phase of MS. 
In support, the placebo-controlled trial on oral methotrex-
ate in progressive MS revealed less progression for upper 
extremity function (9HPT) in the methotrexate group 
but measured no differences for the lower limb outcomes 
(EDSS and ambulation scores) [128]. Correspondingly, the 
IMPACT study, examining intramuscular interferon-β-1a in 
SPMS, indicated a significantly reduced MSFC Z-score in 
the interferon-β-1a-treated subjects [129], an effect driven 
by the results from the 9HPT and the paced auditory serial 
addition (PASAT) test, which both assess neuronal domains 
with shorter axonal pathways. Lessons learned from the 
aforementioned clinical observations for future trials on pro-
gressive MS are (i) requirement of longer treatment phases 
to capture the potential benefits in all key areas of disability, 
and (ii) implementation of domain-specific outcome meas-
ures that shift the focus to shorter tract-based pathways as 
well as the importance of adaptive study designs. Overall, a 
beneficial effect of natalizumab on SPMS disease progres-
sion (at least upper limb function) can be assumed.

4.4 � Various Mechanisms

4.4.1 � MIS416

4.4.1.1  Background  MIS416 is a naturally occurring 
microparticle formulation derived from the Gram-posi-
tive Propionibacterium acnes, which can alter immune 
responses by interacting with the innate Toll-like receptor 
9 (TLR9) and nucleotide-binding oligomerization domain-
containing protein 2 (NOD-2) on myeloid cells. As a result 
of immune crosstalk under the influence of TLR9-dependent 
interferon and NOD-2-dependent NFκB signaling, a regula-
tory and anti-inflammatory immune activity is established 
[130]. By targeting innate cells, MIS416 reshapes autoim-
mune T-cell responses, probably resulting in a significant 
reduction of CNS inflammation. Activation of TLR9 and 
NOD-2 signaling pathways has profound effects on the Th 
subset balance by depressing antigen-specific Th1, Th2, and 
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Th17 development and leads to an expansion of specific 
splenic subpopulations including CD4+CD25+FoxP3+ Treg 
[131]. These effects coincided with an expansion of specific 
myeloid subpopulations and increased levels of MIS416-
stimulated interferon-γ and strongly correlated with disease 
reduction in a model of EAE [131]. Also, immune responses 
observed in patients after MIS416 administration supported 
the preclinical results; immune proteins associated with the 
above-described pathways (e.g., the regulatory immune 
factors interferon-γ and IL-10) transiently increased in 
SPMS patients [130]. Together, these findings indicate that 
MIS416 can upregulate myeloid-directed anti-inflammatory 
pathways, which formed the incentive for a compassionate-
use program of MIS416 in patients with SPMS in Australia 
and New Zealand established prior to early clinical phase I/
II studies [132].

4.4.1.2  Studies  Based on positive anecdotal findings from 
the compassionate-use program and a phase I dose-find-
ing trial in SPMS patients, a subsequent 1-year, phase II, 
placebo-controlled, randomized trial enrolled 93 patients 
with SPMS in Australia and New Zealand (NCT02228213). 
Patients received MIS416 500 µg or placebo intravenously 
once a week for 52  weeks. Notably, none of the clini-
cal assessments (EDSS, MSFC, PASAT, 9HPT, 25TWT) 
or MRI measures (T2-lesions, GEL, whole brain atrophy 
(WBA), MTR) suggested benefits from the myeloid-tar-
geted immune response modifier MIS416 compared with 
inactive placebo (Immunotherapeutics press release, 2017 
[133]). In terms of safety and tolerability, a higher incidence 
of adverse events in patients taking MIS416 was noted, 
mainly including fever, chills, and muscle weakness follow-
ing the induction dose. A full publication of this failed trial 
is still pending.

4.4.1.3  Comment  Although early pre-clinical and human 
compassionate-use studies showed that MIS416 might 
improve several myeloid-directed anti-inflammatory path-
ways by targeting the self-perpetuating innate inflammation 
within the CNS of progressive MS patients [131], no clini-
cal effect was demonstrated compared with placebo in the 
phase II trial. Two aspects appear particularly important in 
this context. First, analysis of the immunological response to 
MIS416 in a small number of patients showed that patients 
with less clinical improvement unexpectedly had higher 
levels of MIS416 plasma biomarkers (e.g., interferon-γ and 
interferon-inducible proteins, NFκB-dependent cytokines 
IL-6 and IL-10) than those who were ranked as high 
responders [130]. This result is in contrast to the preclini-
cal results of MIS416 treatment in EAE mice [131]. The 
observed MIS416 hyper-responsiveness might be explained 
by the NFκB gene and pathway polymorphisms that have 
already been described in MS patients and are associated 

with greater sensitivity to NFκB-activating agents [134]. 
In line with this assumption, significant inter-patient vari-
ation was observed with no clear dose–response relation-
ship in terms of adverse events [132]. Moreover, the use 
of single TLR9 agonists in EAE demonstrated conflicting 
results, indicating that TLR9 may play both a protective and 
detrimental role in EAE [135, 136]. Whether simultaneous 
activation of TLR9 and NOD2 by MIS416 induces different 
signaling pathways, remains elusive.

A second important aspect is that repeated doses of 
MIS416 resulted in lower biomarker levels than those deter-
mined after the first dose, probably reflecting desensitization 
of MIS416-stimulated immune pathways. Comparable obser-
vations have already been described for other agents affecting 
NFκB signaling and its respective negative feedback pathway 
[130, 137]. Interestingly, this intrinsic regulatory mechanism 
is further reflected by the diminished severity and frequency 
of adverse events after repeated doses [132].

4.4.2 � Cyclophosphamide

4.4.2.1  Background  Cyclophosphamide is a nitrogen-
mustard alkylating agent causing cell death by inter- and 
intra-strand DNA crosslinking. The more rapidly proliferat-
ing cells are more susceptible to cyclophosphamide; thus, 
bone marrow is disproportionately affected. Cyclophospha-
mide depletes lymphocytes in both the peripheral blood and 
CSF [138]. It reduces B and T cells, though preferentially 
affecting CD4+ T cells [139]. Moreover, cyclophospha-
mide may shift Th1 towards more favorable Th2 responses 
[139]. Cyclophosphamide has also been shown to increase 
interferon-γ production of CD8+ T cells in patients with 
SPMS [139, 140]. Of note, while several studies attributed 
a prominent proinflammatory function to interferon-γ, there 
is also accumulating evidence of a protective role through 
inducing regulatory cell activity and modulating the effec-
tor T-cell response [141]. Altogether, the described findings 
encouraged the use of cyclophosphamide to target the com-
partmentalized CNS inflammation in SPMS.

Clinical studies of intravenous cyclophosphamide in pro-
gressive MS have given contradictory results [142–144]. 
The induction regimen with an absence of maintenance 
therapy could explain the lack of sustained effects [145]. 
Therefore, monthly administration of cyclophosphamide 
has been implemented in several centers, and encouraging 
results regarding efficacy and tolerability have been reported 
in a large retrospective study [144]. Based on those results, 
a phase II randomized control trial assessing the efficacy 
and safety of cyclophosphamide in SPMS patients was con-
ducted (PROMESS).

4.4.2.2  Studies  Patients with SPMS were randomized to 
receive either intravenous cyclophosphamide (750  mg/
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m2 body surface area) or methylprednisolone (1000  mg), 
administered every 4 weeks for the first 12 months and every 
8 weeks during the second year [146]. Since the inflamma-
tory component is more important in the early stages of 
SPMS, the population selected for the PROMESS trial was 
characterized by a recent onset of the progressive phase, 
with relapses present in > 30% of patients in the previous 
year. Due to recruitment difficulties, the study was termi-
nated prematurely after the inclusion of 138 SPMS patients. 
In the cyclophosphamide group, 33 patients stopped treat-
ment prematurely, mainly due to tolerability issues, com-
pared with 22 patients in the methylprednisolone group. The 
pSE, defined as a reduction in CDP over 16 weeks, was not 
reached. However, patients who did not stop treatment with 
cyclophosphamide prematurely had a 2.7 times less likeli-
hood of disability progression compared with patients who 
discontinued.

4.4.2.3  Comment  One limitation of the PROMESS study is 
its limited power due to lower patient numbers than planned. 
The recruitment was poor, and a high proportion of patients 
stopped treatment and follow-up early, especially in the 
cyclophosphamide group, which precluded effective assess-
ment of the primary outcome. Interestingly, patients who 
continued treatment had significantly reduced EDSS pro-
gression compared with patients who discontinued (known 
as ‘per-protocol effect’), indicating a benefit of cyclophos-
phamide in patients who were able to tolerate the treatment.

Another limitation is the use of methylprednisolone as an 
active comparator [147]. Of note, other recent trials in SPMS 
populations were mainly placebo-controlled [7, 8, 148]. On 
the one hand, several methodological strengths emerge from 
an active comparator design, such as the reduced potential 
of unmeasured confounding and avoidance of the ‘placebo 
dilemma’ in the light of patients’ interests and needs. On 
the other hand, the disadvantages of this design have to be 
considered when interpreting the results of PROMESS. It is 
difficult to interpret the relative effect of the drug of interest 
(in this case cyclophosphamide) compared with an active 
comparator (methylprednisolone) if the effect of the active 
comparator drug is unknown. Moreover, it is easier to show 
a treatment effect, and therefore to claim efficacy to the regu-
latory authorities in a placebo-controlled setting.

Indeed, the choice of study design in PROMESS is ques-
tionable since there was no approved therapy for SPMS 
available at the time of study initiation, and thus a placebo 
design might have been justified. How this will be handled 
in future studies, given that siponimod is now approved as 
immunomodulatory therapy for SPMS, needs to be deter-
mined [148].

Summarizing, although the pSE could not be 
assessed, secondary analysis suggests a possible effect 

of cyclophosphamide on disability progression in SPMS 
patients, but its use may be limited by low tolerability.

5 � Commercial Failure

We expanded our research to provide a short overview of 
‘commercial’ failures, defined as a compound that met the 
pSE but failed to progress to a subsequent clinical trial 
because of pharmaceutical companies’ decisions. Of note, 
all of the following commercial failures relate to phase 
I studies and are more common than clinical failures in 
phase I/II in MS research [1]. While most of the reviewed 
failures revealed promising mechanisms, the companies 
selected to further develop the agents for treating other 
autoimmune diseases (e.g., the human antibody to GM-
CSF otilimab, MOR103, developed by the biotechnology 
company MorphoSys). Based on preclinical studies in the 
EAE model [149, 150], a randomized, placebo-controlled, 
phase I, dose-escalation trial of otilimab determined safety, 
pharmacokinetics, and immunogenicity in 31 patients with 
RRMS or SPMS [151], who received either an intravenous 
infusion of MOR103 or placebo for 10 weeks. The primary 
objective was safety. MOR103 was generally well toler-
ated in patients with RRMS or SPMS. No evidence of 
immunogenicity was found. Despite the positive results of 
acceptable tolerability, no phase II and III trials have been 
conducted so far. However, based on company decisions, 
efforts are ongoing for the further clinical development 
of otilimab, with a recently enrolled phase III trial in RA 
(NCT03980483).

Accordingly, a phase I, placebo-controlled trial of ine-
bilizumab (formerly MEDI-551, CD19+ B-cell depleting 
therapy) in 28 RRMS patients led to the further develop-
ment of this treatment only for neuromyelitis optica spec-
trum disorder (N-Momentum trial [152]), although revealing 
an acceptable safety profile and a trend in reducing new T2 
lesions and GEL [27].

Moreover, experimental animal data on ARN-6039 
(inverse antagonist of retinoic acid-related orphan nuclear 
receptor gamma t [RORγt], Arrien Pharmaceuticals, 
NCT03237832) demonstrated a reduction in IL-17 expres-
sion and beneficial clinical effects in EAE models. RORγt 
is the key transcription factor driving the differentiation of 
IL-17 producing Th17 cells implicated in the pathology of 
MS. Based on the importance of RORγt in promoting Th17-
driven pathology, a phase I trial of ARN-6039 in 60 RRMS 
patients was initiated [153] and results were announced at 
the 32nd ECTRIMS Congress, demonstrating an excel-
lent safety and tolerability profile [154]. Full publication 
of this prospective, randomized, placebo-controlled trial is 
still pending. In 2017, Arrien Pharmaceuticals announced 
a license agreement for ARN-6039 for treating psoriasis.
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theoretically promising agents may paradoxically increase 
disease activity—this holds even for those agents that 
provided positive data or received FDA approval in other 
inflammatory disorders (e.g., atacicept, abatacept) [28, 
46]. In this context, we have further unveiled the complex-
ity of B-cell involvement in MS pathophysiology.

We noted that positive preclinical studies, especially 
in rodent EAE models, do not guarantee the success of 
an agent in clinical trials (e.g., vitamin D supplementa-
tion). Hence, current animal models are useful tools for 
developing pharmacological agents but are not able to 
completely mimic the complexity of human disease. We 
have further outlined that, interestingly, higher selectivity 
can imply lower efficacy (e.g., super-selective interven-
tions like TCV). Our observations demonstrate how the 
availability of pre-clinical in vitro and in vivo data, as well 
as the completion of a successful and recent phase I trial 
before the commencement of a phase II trial, may help to 
mitigate failure risk (e.g., raltegravir) [88]. Finally, the 
lack of efficacy when applying antiviral strategies further 
supports the existing doubts on the relevance of viruses in 
the pathogenesis of MS.

Nonetheless, despite the negative outcomes, all men-
tioned examples are important studies that add to our grow-
ing understanding of MS pathology. Therefore, their publi-
cation is indispensable as otherwise precious information 
may be lost. This review again highlights the need for a 
debate on current publication policies.

7 � Conclusions

Clinical trials of new therapeutic agents in MS fail for many 
different reasons and lessons learned from past and future 
negative trials are invaluable for our understanding of MS 
immunopathology and treatment. Therefore, investiga-
tors should be strongly encouraged to publish negative or 
inconclusive results regularly to avoid the loss of relevant 
information.

The history of reviews published by our group illus-
trated the ongoing evolution in the field of clinical trials 
in MS. Firstly, there will always be studies that either fail 
to demonstrate benefit or are interrupted due to company 
decisions; an aspect, as already discussed above, of impor-
tance to us. Moreover, compared with earlier reviews, the 
percentage of trials that failed for pathophysiological rea-
sons increased, while the number of studies halted for safety 
issues decreased. In this context, one of the biggest unmet 
needs of MS therapy is progression. However, drug develop-
ment is challenged by the limited understanding of immu-
nology and pathology in progressive MS, where both inflam-
mation and neurodegeneration are contemporarily present in 
varying degrees at any moment in the course of the disease.

Interestingly, apart from successfully developing a prom-
ising agent for disease treatment, the following cell-based 
SCLERODYM trial (NCT02427776) outlines the great chal-
lenges faced by young companies aiming to obtain proof-
of-concept studies in humans. Cell-based products intended 
for clinical use need to be manufactured in compliance with 
current Good Manufacturing Practice regulations. The clini-
cal phase I/II trial SCLERODYM was conducted to assess 
safety profiles and radiological disease activity in 18 patients 
with RRMS who received autologous CD4+ T cells that 
were stimulated and expanded ex vivo. However, in August 
2016, ImCyse terminated the trial before enrolling the first 
patient because of unexpected issues in the manufacturing 
process.

6 � Expert Commentary

This review continues and updates previous publications 
by our group on failed and interrupted MS trials [83, 
155–157]. Since it remains extremely difficult to publish 
negative study results, we here aim to provide an over-
view of those studies conducted in the last 5 years that are 
invaluable to our understanding of the pathophysiology 
and treatment of MS. It should be noted that clinical trials 
with a focus on neuroprotective strategies and alternative 
approaches are discussed in a separate article, while this 
review looks at immunomodulatory strategies.

Of the reviewed trial failures, six trials were completed 
on patient populations with progressive forms of MS [7, 
8, 92, 133, 146, 158]. We noted that the main reason for 
failed drug development in progressive MS is due to a 
lack of understanding of the pathophysiology of progres-
sion. Although inflammatory mechanisms accompany 
several neurodegenerative processes and represent the 
basis for why treatments approved for RRMS have been 
tested in progressive MS subtypes, studies based on this 
approach have mainly failed, even when applied directly 
to the CNS (e.g., REVITALISE) [7, 8, 15, 92, 159]. We 
have further discovered that limitations in study design 
often lead to inconclusive and ‘failed’ trials in SPMS and 
PPMS. Besides providing a probable benefit for the more 
active progressive MS study populations (e.g., with GEL, 
EDSS progression) [7, 12], the trial duration is always 
an important aspect. Moreover, especially the ASCEND 
trial [8] highlights that length-dependent MS axonopathy 
resulting in asynchronous progression should be consid-
ered in trial design and interpretation [15, 118, 128, 129]. 
Therefore, outcome measures should be adapted to detect 
shorter tract-based pathway functions (e.g., upper limb, 
visual outcomes).

Also, trial failure was present in RRMS study popula-
tions [16, 28, 46, 59, 84, 88]. We could demonstrate that 
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Therefore, future treatments in progressive MS will prob-
ably include an anti-inflammatory approach, which is likely 
to be combined with myelin repair and neuroprotection. 
Although the negative results of various agents in progres-
sive MS are disappointing, the reviewed studies provide 
valuable information. An important lesson herein may be 
that trial evaluation critically depends on a careful study 
design and clearly defined patient subgroups. In this respect, 
the trial design of INFORMS might serve as a model for 
future trials in progressive MS. In addition, we are hopeful 
that, given the positive effects of temelimab (GnbAC1) on 
brain volume loss (although not the primary outcome of the 
study) and other compounds that address neurodegeneration 
(e.g., the beneficial effect of natalizumab (at least upper limb 
function) and cyclophosphamide (although limited by poor 
tolerability) on disability progression in SPMS patients), 
further agents will be useful in progressive MS, besides 
ocrelizumab and siponimod.

Furthermore, failure in one trial does not necessarily 
mean the failure of an agent in general, as has been shown 
for natalizumab, fingolimod or cladribine in RRMS patient 
cohorts in the past. In this regard and given the promising 
proof-of-concept results of phase I and II trials of imilecleu-
cel-T prior to Abili-T, we shall wait and see whether TCV 
will be successful in the end.

Finally, one should also keep in mind that some candi-
dates are not developed further, despite some encouraging 
proof of efficacy (e.g., inebilizumab, ARN-6039). Internal 
pharmaceutical industry decisions, both economic and polit-
ical, are causally related to this phenomenon. However, there 
is always the possibility that the development of these drugs 
was terminated for clinical reasons not disclosed by the firm.
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