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Abstract It is well recognised that the majority of the

impact of multiple sclerosis (MS), both personal and

societal, arises in the progressive phase where disability

accumulates inexorably. As such, progressive MS (PMS)

has been the target of pharmacological therapies for many

years. However, there are no current licensed treatments

for PMS. This stands in marked contrast to relapsing

remitting MS (RRMS) where trials have resulted in

numerous licensed therapies. PMS has proven to be a

more difficult challenge compared to RRMS and this

review focuses on secondary progressive MS (SPMS),

where relapses occur before the onset of gradual, irre-

versible disability, and not primary progressive MS where

disability accumulation occurs without prior relapses.

Although there are similarities between the two forms, in

both cases pinpointing when PMS starts is difficult in a

condition in which disability can vary from day to day.

There is also an overlap between the pathology of

relapsing and progressive MS and this has contributed to

the lack of well-defined outcomes, both surrogates and

clinically relevant outcomes in PMS. In this review, we

used the search term ‘randomised controlled clinical drug

trials in secondary progressive MS’ in publications since

1988 together with recently completed trials where results

were available. We found 34 trials involving 21 different

molecules, of which 38% were successful in reaching

their primary outcome. In general, the trials were well

designed (e.g. double blind) with sample sizes ranging

from 35 to 1949 subjects. The majority were parallel

group, but there were also multi-arm and multidose trials

as well as the more recent use of adaptive designs. The

disability outcome most commonly used was the Expan-

ded Disability Status Scale (EDSS) in all phases, but also

magnetic resonance imaging (MRI)-measured brain atro-

phy has been utilised as a surrogate endpoint in phase II

studies. The majority of the treatments tested in SPMS

over the years were initially successful in RRMS. This has

a number of implications in terms of targeting SPMS, but

principally implies that the optimal strategy to target

SPMS is to utilise the prodrome of relapses to initiate a

therapy that will aim to both prevent progression and slow

its accumulation. This approach is in agreement with the

early targeting of MS but requires treatments that are both

effective and safe if it is to be used before disability is a

major problem. Recent successes will hopefully result in

the first licensed therapy for PMS and enable us to test

this approach.
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Key Points

Secondary progressive multiple sclerosis (MS) is

differentiated from primary progressive MS by the

prodrome of relapses but it shares many pathological

and clinical features with the primary progressive

form. This includes the difficulty in identifying its

onset and measuring its impact over time.

Secondary progressive MS is responsible for the

majority of the disability and cost associated with

MS but does not as yet have a licensed treatment that

can modify the disease course. This is despite being

targeted in 34 trials of which 34% were successful in

reaching their primary outcome. One recent phase III

study has successfully achieved its primary outcome

and may result in licensed therapy.

Targeting the pathology with large well conducted

modern trial designs and understanding the route to

licensing will, hopefully in the near future, result in

the first licensed treatment for this disabling

condition but also set the scene for the development

of subsequent therapies.

1 Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of

the central nervous system (CNS). It is the most common

cause of disability in younger adults and, aside from the

enormous social cost, has an estimated total annual fiscal

cost to Europe of approximately €14.6 billion [1] and

US$10 billion in the USA [2], with costs increasing as

disability develops [3]. MS is characterized pathologically

by focal and diffuse inflammation, causing demyelination,

which presents clinically as relapses. In addition, axonal

damage and neuronal loss occur early in the disease course

and underlie the progressive accumulation of permanent

clinical disability, which exerts the most significant burden

on patients and their family [4].

Over the last 20 years, there has seen unprecedented

progress in the development of new treatments for relaps-

ing remitting MS (RRMS) [5]. Unfortunately, these

advances have not, as yet, translated to a successful

licensed therapy for progressive MS (PMS). However,

some recent clinical trials have shown promising results,

demonstrating a slowing of progression that will hopefully

lead to a licensed therapy in the near future [6–9]. In this

review, we addressed the clinical challenge of quantifying

progression, understanding the underlying pathology and

the limitations of the outcome measures. In addition, we

summarise evidence from previous studies of therapies for

secondary progressive MS (SPMS).

2 Tackling the Challenge of Studies in SPMS

2.1 Defining Progression: A Clinical Problem

Among patients with RRMS, the early course is charac-

terised by ‘acute attacks’ or ‘relapses’, interspersed with

periods of ‘remission’, during which symptoms remain

stable, although they can resolve (Fig. 1). This presentation

occurs in about 85% of cases and it is followed, in the

Clinical 
threshold

MRI activity / 
relapses

Progression / 
cell loss

Onset    RRMS

Clinical 
threshold

SPMS 
with 
relapses

SPMSOnset    RRMS

Clinical 
threshold

RR
MS

SPMS 
with 
relapses

SPMSOnset

Clinical 
threshold

Onset     PPMS

b

c

d

a

Fig. 1 The various presentations of multiple sclerosis and the

surmised relationship to the underlying disease process. a Mild RRMS

where the cell loss never becomes clinically evident and no progression

is evident. b Classic RRMS with relapses preceding progression—

secondary progressive (SP) MS. c RRMS with accelerated onset of

SPMS with frequent early relapses (highly active/rapidly evolving

severe) where accelerated cell loss leads to a shorter time to

progression. d PPMS lower inflammatory activity results in relapses

never becoming evident. RRMS relapsing remitting multiple sclerosis,

MRI magnetic resonance imaging, SPMS secondary progressive

multiple sclerosis, PPMS primary progressive multiple sclerosis
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majority of cases, by a progressive course, which develops

on average about 15 years after the disease onset, and is

termed SPMS [10]. In roughly 15% of cases, MS presents

with a progressive course from clinical onset and is termed

primary progressive (PPMS). Primary and secondary pro-

gressive MS can be complicated by relapses, overlapping

their course [11]. Progression is characterized by a gradual

accumulation of irreversible disability, but this definition

contains important unresolved questions [12].

Gradual implies ‘taking place by degrees’ and differs

from the neurological worsening associated with a relapse.

However, the current definition does not specify the min-

imal duration of progressive disability accumulation,

making it difficult to distinguish progression from deteri-

oration related to relapses [12]. In addition, as in clinical

practice, patients are only seen at intervals, identifying a

change in phenotype, and its timing is challenging and

requires time. To document an objective stepwise change

entails at least three visits: an initial examination, and a

subsequent assessment to identify a deterioration, which

has to be confirmed during a third visit. In addition, pin-

pointing the onset of SPMS is particularly difficult when

patients experience many relapses, which often cloud the

clinical occurrence of progression [13]. Indeed, it has been

calculated that the process of re-classifying RRMS to

SPMS in a standard clinical setting takes on average 3

years [14]. Similarly, diagnosing PPMS takes about 3 years

from the onset of symptoms [6, 15].

Irreversible, in the current definition, equates with

confirmed progression, e.g. an increase in neurological

dysfunction, which is permanent over time. This is an

essential requirement for defining progression, as recov-

ery from relapses can occur after up to 12 months.

However, the interval for confirming the irreversible

accumulation of disability is not currently specified

[12, 16], although in previous definitions disability

worsening had to persist for at least 1 year [17]. Indeed, a

recent study evaluating various criteria of disability pro-

gression and testing 11 different definitions of progres-

sion, demonstrated regression of disability occurred in

11–34% of the progression events over the five subse-

quent years. The most important determinant of progres-

sion stability was the length of the confirmation period.

The accuracy of the progression criteria increased with

duration of the confirmation period, suggesting that the

disability outcomes based on 3- to 6-month confirmed

disability progression overestimate irreversible disability

by up to 30% [18]. In contrast, in clinical trials confirmed

progression is most commonly defined as a persistent

deterioration for 3 months [19]. A recent global

prospective cohort study compared the accuracy of 576

data-derived onset definitions for SPMS to a consensus

opinion of neurologists and then subsequently evaluated

these against 5-year disease outcomes post assignment of

SPMS. It was concluded the best definition included a

three-strata progression magnitude in the absence of a

relapse, confirmed after 3 months [20]. Notably, drug

regulatory agencies place an emphasis on confirmation

after at least 6 months [21].

Disability in MS is most commonly apparent as dete-

rioration of mobility. However, MS has a plethora of

effects on the CNS that can impact patients’ functionality.

Although many scales have been recently developed to try

to capture the widely ranging impact of MS on individuals

[22], the most commonly used disability measurement

remains the Extended Disability Status Score (EDSS)

[23, 24]. The EDSS is an ordinal, not linear, scale ranging

from 0 to 10, in 0.5-point increments; a worsening of 0.5/

1 point is commonly used to define an increase in dis-

ability, often depending on the baseline value (e.g. B or

[5.5 points). Nevertheless, progression may occur at

separate rates in the different neurological functional

systems that are scored in the EDSS, complicating

assessments [12]. Although the EDSS has a number of

significant limitations and it is strongly biased toward

ambulation impairment, it remains the favoured outcome

measure for regulators [25].

2.2 Targeting the Pathology of Progression

RRMS is characterised by focal white matter inflammation,

which is driven, in part, by the acute influx of lymphocytes

across the blood-brain barrier, leading to demyelination [26]

and massive activation of macrophage/microglial cells [27].

It is widely believed that the focal inflammatory activity

underlays clinical acute attacks. White matter lesions are

visualised, using magnetic resonance imaging (MRI) scan-

ning, as T2 focal lesions, which can enhance with gadolin-

ium (Gd?), indicating a recent breakdown of the blood-

brain barrier [28]. Focal white matter inflammation and

relapses become increasingly rare in PMS. In contrast, brain

atrophy in the grey and white matter and diffuse axonal loss

within the normal appearing white matter (NAWM) become

prominent [29–31]. The neurodegenerative process is

accompanied by a more diffuse inflammation, compart-

mentalised within the CNS, and located behind a normal or

repaired blood-brain barrier [28, 31, 32]. In about 40% of

SPMS patients, B cell-rich lymphocytic aggregates are

present in the meninges and drive the cortical damage by

releasing soluble factors and activating the microglia

[33, 34]. The cortical pathology is recognised as one of the

most important determinants of the long-term outcome [35].

The axonal loss is also caused by mitochondrial injury and

ion channel dysfunction, which are triggered by reactive

oxygen and nitric oxide species [36–39]. This cascade of

events may be amplified by iron accumulation and by the
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hypoxic damage, secondary to the inflammation and the

mitochondrial injury [40–42].

Despite relapsing and progressive MS being distin-

guished by different clinical features, their underlying

pathophysiological mechanisms overlap. Indeed, the axo-

nal loss begins in the early stage of the relapsing phase and

increases over time, gradually leading to the clinical onset

of the progressive phase, reinforced by the failure of

compensatory mechanisms (Fig. 1) [43]. Therefore, treat-

ment strategies aimed at halting or slowing progression are

likely to be most effective if given early in the disease

process, and in combination with drugs that target focal

white matter inflammation. It is therefore plausible that

aggressively targeting focal early inflammation can achieve

a better disease control in the long term [43].

2.3 Measuring Progression: Biomarkers

and Surrogate Markers

A biomarker is an objective quantifiable measurement that

reflects the activity of a disease process [44]. Prentice

defined a surrogate marker as a subset of biomarkers

characterized by specific criteria [43], which means that

they can be used in trials as a substitute for a clinically

meaningful endpoint, which is a direct measure of how a

patient feels, functions or survives. A surrogate marker,

therefore, is expected to predict the effect of the therapy

[45].

Unfortunately, there is no consensus on biomarkers or

surrogate markers for progression. The development of

such a marker is desperately required to speed up the

development of effective treatments. Extensive work into

potential serum and cerebrospinal fluid (CSF) biomarkers

has not yet led to a marker that fulfils the criteria for

surrogacy. Ocular coherence tomography (OCT) has

shown potential as a biomarker for cell loss in the retina

[46] and has been used for monitoring the neuroprotective

effect of some therapies [47]. Although MRI focal

inflammatory measures are used for monitoring the dis-

ease activity in RRMS, they have limited use for assessing

progression. Spinal cord imaging offers further useful

information and is especially related to mobility mea-

sures, but it is less sensitive to change with current

techniques, although this is evolving with newer tech-

niques [48]. Other radiological measures, such as

increasing number and volume of T1 hypo-intense

lesions, brain volume loss and changes in magnetization

transfer imaging and diffusion tensor imaging, are being

explored [49, 50]. Brain and spinal cord atrophy have

shown the best correlation with the development of long-

term disability [51] and have been used to monitor pro-

gression in some clinical studies [6, 9, 52].

3 Completed Pharmacological Studies in PMS

The following studies were identified from a search in

PubMed and Cochrane Central Register of Controlled

Trials in October 2015, using the terms ‘randomised con-

trolled clinical drug trials in secondary progressive MS’

including only human and non-retracted publications from

1988 onwards. Studies specifying the inclusion of PPMS

only were excluded. This resulted in 27 publications that

fulfilled the criteria. Additional publications and subse-

quent ongoing trials were found through hand searching

and discussion with leaders in the field. Thirty-four ran-

domised studies in SPMS were identified after full text

review and are described below and in Table 1. The studies

have mixed populations of MS patients including RRMS,

but also progressive populations that include SPMS and

PPMS.

3.1 Beta Interferon

3.1.1 Mechanism of Action

Beta interferon (IFNb) is used in RRMS [5]. IFNb inhibits

T-cell activation and proliferation by downregulating the

level of expression of major histocompatibility complex

(MHC) class II on antigen presenting cells (APCs) and

expression of the co-stimulatory molecules CD40L and

CD28 found on T cells [53–55]. IFNb administration also

promotes apoptosis due to an upregulation of cytotoxic

T-lymphocyte antigen 4 (CTLA4) and Fas surface mole-

cules on CD4? T cells [56]. IFNb also decreases the

migratory capacity of pathogenic T cells into the CNS by

downregulating expression of the integrin very late antigen

4 (VLA-4) [57] and enhancing suppressive T-cell function,

possibly by upregulation of interleukin (IL)-10 and trans-

forming growth factor (TGF) [58].

3.1.2 Clinical Trials

A systematic review of the five studies in SPMS included

1829 IFNb subjects and 1293 placebo subjects [59]. The

review found that IFNb did not prevent the development of

permanent physical disability, although there were reduced

risks of relapse at 3 years (relative risk [RR], 0.91, 95%

confidence interval [95% CI] 0.84–0.97) and a reduced risk

of progression confirmed at 3 months (RR, 0.88, 95% CI

0.80–0.97).

The European Study Group (1998) [60] found IFNb
delays sustained neurological deterioration in patients with

SPMS (n = 358). This multicentre, double-masked, pla-

cebo-controlled trial, randomised patients with SPMS and

EDSS scores of 3.0–6.5 receiving either 8 million IU IFNb

888 A. Nandoskar et al.



Table 1 Completed trials in progressive MS (SPMS and PMS excluding purely PPMS trials)

References Treatment groups N MS type

(%)

Mean

(E)DSS

baseline

(SD) or

(range)

Randomised

trial duration

(years)

Primary efficacy

outcome

Main efficacy

results

British Dutch

Azathioprine

group [84]

Azathioprine

Placebo

354 67%

RRMS

9%

SPMS

14%

PPMS

AZ 3.7 (1.5)

Plc 3.7 (1.6)

3 Change in EDSS and AI Neutral

Ellison et al. [85] Azathioprine and

methylprednisolone

Azathioprine

Placebo

98 PMS AZ & MP

5.4 (1.3)

AZ 5.6 (1.2)

Plc 5.5 (1.0)

3 Rate of progression in

ISS, SNE and DSS

Neutral

Ghezzi et al. [86] Azathioprine

Placebo

185 40%

RRMS

60%

SPMS

SPMS only

AZ 3.8

(1–6.5)

Plc 3.7

(1–7)

1.5 DSS progression Neutral

The MS study group

[91]

Cyclosporine

Placebo

547 PMS CsA 5.4

(1.2)

Plc 5.4 (1.2)

2 EDSS worsening Positive—high and

differential

dropout

Bornstein et al. [70] Glatiramer acetate

SC

Placebo

106 PMS GA 5.6

Plc 5.5

2 EDSS progression Neutral

Canadian Co-op MS

Group [99]

Cyclophosphamide

IV

Cyclophosphamide

oral and plasma

exchange and

prednisolone

Placebo

168 PMS CPM 5.8

(0.6)

CPM and

PLEX and

Pred 5.7

(0.7)

Plc 5.8 (0.6)

2.5 Worsening in EDSS Neutral

Beutler et al. [106] Two-period, two-

treatment crossover

trial

Cladribine IV

Placebo

51 PMS CL 4.8

Plc 4.6

2 Deterioration in EDSS/

SNRS scores

Positive

Milanese et al. [87] Azathioprine

Placebo

40 48%

RMS

52%

PMS

AZ 3.4 (1.7)

Plc 3.1 (1.2)

3 EDSS progression Neutral—high

dropout rate

Goodkin et al. [94] Methotrexate

Placebo

60 70%

SPMS

30%

PPMS

MTX 5.5

(2.4)

Plc 5.3 (2.7)

2 EDSS, 9HPT, Box and

Block Test, AI

worsening

Positive

Karussis et al. [103] Linomide

Placebo

30 SPMS Lin 4.9

Plc 4.7

0.5 MRI activity Positive

European Study

Group on

Interferon b-1b in

secondary

progressive MS

[60]

Interferon b-1b SC

Placebo

718 SPMS IFNb-1b 5.1

(1.1)

Plc 5.2 (1.1)

3 3 months confirmed

EDSS progression

Positive

Drugs for Secondary Progressive Multiple Sclerosis 889



Table 1 continued

References Treatment groups N MS type

(%)

Mean

(E)DSS

baseline

(SD) or

(range)

Randomised

trial duration

(years)

Primary efficacy

outcome

Main efficacy

results

Noseworthy et al.

[104]

Linomide (3 doses)

Placebo

715 13%

RRMS

87%

SPMS

Lin 5.2

(2–6.5)

Plc 5.1

(3–6.5)

3 EDSS progression Terminated 1

month after fully

enrolled due to

life-threatening

side effects

Rice et al. [107] Cladribine SC (2

doses)

Placebo

159 70%

SPMS

30%

PPMS

CL 5.6

Plc 5.6

1 Mean change in EDSS Neutral

SPECTRIMS [64] Interferon b-1a SC (2

doses)

Placebo

618 SPMS IFNb-1a 5.4

(1.1)

Plc 5.4 (1.1)

3 3 months confirmed

EDSS progression

Neutral

Skurkovich et al.

[116]

IFNc Antibodies IM

TNFa Antibodies IM

Placebo

45 SPMS IFNc Ab 4.5

(3–6.5)

TNFa Ab

4.0 (3–6)

Plc 4.1

(3–7)

1 EDSS progression Positive—IFNg ab

only

Cohen et al. [61] Interferon b-1a IM

Placebo

436 SPMS IFNb-1a 5.2

(1.1)

Plc 5.2 (1.1)

2 Baseline to month 24

change in the MSFC

Positive

Hartung et al. [77] Mitoxantrone IV (2

doses)

Placebo

194 SPMS MIT 4.6

(1.0)

Plc 4.7 (1.0)

2 Change in EDSS, AI,

SNS score, number of

treated relapses and

time to first treated

relapse

Positive—12 mg/

m2 MIT dose only

Anderson et al. [62] Interferon b-1a SC

Placebo

371 SPMS IFNb-1a 4.7

Plc 5.0

3 6 months confirmed

EDSS progression

Neutral

Hommes et al. [111] Immunoglobulin IV

Placebo

318 SPMS IVIG 5.3

(1.1)

Plc 5.2 (1.1)

2.25 3 months confirmed

EDSS progression

Neutral

The North American

Study Group on

Interferon beta-1b

in SPMS [63]

Interferon b-1b SC (2

doses)

Placebo

939 SPMS IFNb-1b 5.2

(1.1)

Plc 5.1 (1.2)

3 6 months confirmed

EDSS progression

Neutral

Warren et al. [113] MBP8298 IV

Placebo

32 69%

SPMS

31%

PPMS

MBP

median 6.5

(5–7.5)

Plc median

6.3 (3.5–7)

2 EDSS progression Neutral

Pöhlau et al. [112] Immunoglobulin IV

Placebo

231 85%

SPMS

15%

PPMS

IVIG 5.6

(1.1)

Plc 5.5 (1.2)

2 3 months confirmed

EDSS progression,

improvement in

function defined by

best EDSS

Positive—high

dropout rate

Montanari et al. [83] Azathioprine and

Interferon b-1b SC

Interferon b-1b SC

85 SPMS Not

available

2 Baseline to month 24

change in the MSFC

Neutral—high

dropout rate

Kapoor et al. [125] Lamotrigine

Placebo

120 SPMS LTG median

6.0 (4–7)

Plc median

6.0 (4–7.5)

2 Partial (central) brain

volume atrophy rate

Neutral

890 A. Nandoskar et al.



Table 1 continued

References Treatment groups N MS type

(%)

Mean

(E)DSS

baseline

(SD) or

(range)

Randomised

trial duration

(years)

Primary efficacy

outcome

Main efficacy

results

Freedman et al.

[114]

MBP8298 IV

Placebo

612 SPMS MBP 5.5

(1.0)

Plc 5.5 (1.1)

2 6 months confirmed

EDSS progression

Neutral

Vermersch et al.

[131]

Masitinib

Placebo

35 SPMS Mas 4.9

(1.2)

Plc 5.0 (1.1)

1 MSFC change from

baseline

Neutral

Brochet et al. [100] Cyclophosphamide

IV

Methlyprednisolone

IV

138 SPMS Not

published

by

December

2016

2 Delay to confirmed

EDSS progression

Neutral—high

dropout rate

Zajicek et al. [128] Dronabinol

Placebo

498 SPMS Dro 5.8

(0.7)

Plc 5.9 (0.7)

3 6 months confirmed

EDSS progression,

change from baseline

in MSIS29 physical

Neutral

Chataway et al. [9] Simvastatin

Placebo

140 SPMS Sim 5.8

(0.8)

Plc 5.9 (0.8)

2 Mean annualised whole

brain atrophy rate

Positive

ASCEND

NCT01416181

Natalizumab IV

Placebo

889 SPMS NTL 5.6

(0.9)

Plc 5.7 (0.9)

2 Confirmed progression

in EDSS, T25FW,

9HPT

Neutral

Tourbah et al. [8]

NCT02220933

Biotin

Placebo

154 PMS Biotin 6.0

(0.8)

Plc 6.2 (0.5)

1 Improved EDSS or

T25FW at 9 months

confirmed at 12

months

Positive

RIVITaLISe, 2016

NCT01212094

Rituximab

intrathecal and IV

Placebo

43 SPMS Not

published

by

December

2016

2 Brain atrophy Early termination

for futility: did

not achieve CSF

B cell depletion

Spain et al. [142]

NCT01188811

Lipoic Acid

Placebo

54 SPMS Lipoic acid

median 5.5

(3–8)

Placebo

median 6.0

(3–9)

2 Brain atrophy Positive

EXPAND, 2016

NCT01665144

Siponimod (dose

titration 0.25 mg to

2 mg)

Placebo

1649 SPMS Not

published

by

December

2016

3 Delay in time to

confirmed EDSS

progression.

Positive

N number of subjects, MS - multiple sclerosis, EDSS extended disability status scale, SD standard deviation, RRMS relapsing remitting multiple

sclerosis, SPMS secondary progressive multiple sclerosis, PPMS primary progressive multiple sclerosis, AZA azathioprine, Plcplacebo, AI

ambulatory index, PMS progressive multiple sclerosis, MP- methylprednisolone, ISS Mickey’s illness severity scores, SNE - standard neuro-

logical examination, DSS disability status scale, CsA cyclosporine, SC subcutaneously, GA glatiramer acetate, CPM cyclophosphamide, PLEX

plasma exchange, Pred prednisolone, CL cladribine, IV intravenous, SNRS - Scripps neurologic rating scale,MTX methotrexate, 9HPT 9 hole peg

test, Lin linomide, MRI magnetic resonance imaging, IFNb-1b interferon beta 1b, IFNb-1a interferon beta 1a, IFNc interferon gamma, TNFa
tumour necrosis alpha, Ab antibodies, IM intramuscular, MIT mitoxantrone, IVIG intravenous immunoglobulins, MBP MBP8298, MSFC

multiple sclerosis functional composite, LTG lamotrigine, Mas masitinib, Dro dronabinol, MSIS29 multiple sclerosis impact score 29, Sim-

simvastatin, NTL natalizumab, T25FW timed 25 foot walk

Drugs for Secondary Progressive Multiple Sclerosis 891



every other day or placebo subcutaneously for up to 3

years. The primary outcome was the time to confirmed

progression of disability as measured by a 1.0-point

increase on the EDSS, sustained for at least 3 months, or a

0.5-point increase if the baseline EDSS was 6.0 or 6.5. 358

patients with SPMS were allocated placebo and 360 were

allocated IFNb; 57 patients (31 placebo, 26 IFNb) were

lost to follow-up. There was a highly significant difference

in time to confirmed progression of disability in favour of

IFNb (p = 0.0008). IFNb delayed progression for 9–12

months over a study period of 2–3 years. This beneficial

effect was seen both in patients with superimposed relapses

and in patients who had progressive deterioration without

relapses. There were also benefits seen in time to becoming

wheelchair-bound, relapse rate and severity, number of

steroid treatments and hospital admissions, as well as on

MRI variables. The study was stopped after the interim

results gave clear evidence of efficacy.

A second study (n = 436) showed IFNb-1a slowed

disease progression in SPMS and demonstrated a benefit on

MS functional composite (MSFC) progression, relapses,

quality of life and MRI activity in SPMS [61]. Entry cri-

teria included an EDSS score of 3.5–6.5. Subjects were

randomised to receive IFNb-1a (60 lg) or placebo by

weekly intramuscular injection for 2 years. The primary

outcome measure, used for the first time in a large-scale

MS trial, was a baseline to month 24 change in the MSFC.

The MSFC comprises tests of ambulation (Timed 25-Foot

Walk [T25FW]), arm function (Nine-Hole Peg Test

[9HPT]) and cognition (Paced Auditory Serial Addition

Test [PASAT]). Median MSFC Z-score change was

reduced 40.4% in IFNb-1a subjects (p = 0.033). The effect

was driven by the 9HPT and PASAT. There was no dis-

cernible benefit on the EDSS. IFNb-1a subjects had 33%

fewer relapses (p = 0.008), and new or enlarging T2-hy-

perintense brain MRI lesions and Gd? lesions were

reduced at months 12 and 24 (both p\ 0.001).

However, the Nordic Study Group and North American

Study Group did not replicate these positive results. The

Nordic Study Group performed a double-blind, placebo-

controlled study that examined the effects of low-dose

IFNb-1a. 371 patients were randomised to receive either

placebo or subcutaneous IFNb-1a, 22 lg once weekly for 3

years with 6-monthly clinical assessments. The patient

population was less clinically active than SPMS popula-

tions studied in other trials with less superimposed relap-

ses. The primary outcome was time to sustained disability,

as defined by time to first confirmed 1.0-point increase on

the EDSS. Secondary outcomes included relapse rate.

Treatment had no beneficial effect on time to confirmed

progression on the EDSS (p = 0.45 for IFNb-1a vs. pla-

cebo) nor on the secondary disability outcome—Regional

Functional Status Scale (p = 0.67). Annual relapse rate

was 0.27 with placebo and 0.25 with IFNb-1a (p = 0.55).

No significant gender differences were noted. Given some

of the earlier trial results in SPMS, it was concluded that

higher doses of IFNb-1a would be required in future trials

[62].

The 3-year North American multicentre, double-blind,

placebo-controlled, randomised trial of IFNb included 939

subjects from the USA and Canada with SPMS and EDSS

scores ranging from 3.0 to 6.5 [63]. Subjects were ran-

domised to receive either placebo or two doses of IFNb
(250 lg or 160 lg/m2 body surface area) subcutaneously

every other day. The primary outcome was time to pro-

gression of 1.0 EDSS point or 0.5 point if EDSS score was

6.0–6.5 at entry; any deterioration had to be confirmed at 6

months. No significant difference in time to confirmed

progression of EDSS scores was found. However, IFNb
treatment resulted in improvement on secondary outcome

measures including clinical relapses, new active MRI

lesions and accumulated burden of disease on T2-weighted

MRI. Effects were similar for both IFNb treatment groups.

Neutralizing antibodies to IFNb were detected in 23–32%

of recipients, but their presence did not consistently affect

clinical or MRI outcomes.

The SPECTRIMS group tested two doses of IFNb-1a in

patients with SPMS who could have had relapses but their

main problem had to be accumulating disability. It was a

multicentre, randomised, parallel-group, placebo-con-

trolled study. 618 patients received subcutaneous placebo

or IFNb-1a 22 lg or 44 lg three times weekly for 3 years

[64]. The primary outcome, time to confirmed progression

in disability, was not significantly affected by treatment

(p = 0.146 for 44 lg vs. placebo). The relapse rate was

reduced from 0.71 per year with placebo to 0.50 per year

with treatment (p\ 0.001 for both doses). Significant

treatment effects were seen on other exacerbation-related

outcomes and on a composite measure incorporating five

separate clinical and MRI outcomes. Treatment did not

significantly affect disability progression in this cohort,

although significant benefit was observed on exacerba-

tion-related outcomes. Exploratory post-hoc analyses

suggested greater benefit in women and in patients who

had reported at least one relapse in the 2 years before the

study.

3.2 Glatiramer Acetate

3.2.1 Mechanism of Action

Glatiramer acetate (GA) is thought to drive preferential

differentiation of CD4? T cells into anti-inflammatory T

helper-2 cells and increase T-regulatory cell numbers and

optimise their function. It may also exert an

immunomodulatory effect on B cells [65–67]. Some
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evidence suggests that it may have neuroprotective prop-

erties, via upregulation of brain-derived neurotropic factor

[68].

3.2.2 Clinical Trials

A Cochrane review found two studies that have studied the

effect of GA in PMS and found no benefit [69]. The first

study [70] randomised 106 subjects aged 20–60 years, with

a chronic-progressive course for at least 18 months, less

than two exacerbations in the previous 24 months, and an

EDSS of 2–6.5. These criteria were assessed in a pre-trial

observation period lasting no more than 15 months and

resulted in the exclusion of 47% of candidate participants.

Treatment was with GA 20 mg or placebo subcutaneously

twice a day. The primary outcome was confirmed pro-

gressive worsening of 1 EDSS point or 1.5 points accord-

ing to baseline EDSS (B5); any deterioration had to be

confirmed at 3 months. This endpoint was observed in nine

(17.6%) treated and 14 (25.5%) placebo patients. The

differences between the overall survival curves were not

significant. Progression rates at 12 and 24 months were

higher for the placebo group (p = 0.088), with 2-year

probabilities of progressing of 20.4% for GA and 29.5% for

placebo. Two-year progression rates for two secondary

endpoints, unconfirmed progression and progression of 0.5

EDSS points, were significant. This was followed by a

large trial of 943 subjects with PPMS that did not meet its

primary endpoint [71].

3.3 Mitoxantrone

3.3.1 Mechanism of Action

Mitoxantrone is an anthracenedione cytotoxic agent that

inhibits DNA replication and DNA-dependent RNA syn-

thesis and inhibits topoisomerase II activity preventing

DNA repair [72]. Peripherally mitoxantrone inhibits T-cell

activation, abrogates proliferation of B and T cells,

diminishes antibody production, and deactivates macro-

phages [73]. It induces apoptosis of dendritic cells,

decreases secretion of proinflammatory cytokines, such as

tumour necrosis factor alfa (TNFa) and IL-2, inhibits

B-cell function and increases T-cell suppressor function

[74]. Mitoxantrone can cross the disrupted blood-brain

barrier in MS, and in vitro evidence suggests it can induce

microglial death [75, 76].

3.3.2 Clinical Trials

Mitoxantrone use in MS was part of a Cochrane review in

which the data in PMS arose from a single study [77]. The

review recommended that mitoxantrone should be used in

SPMS when there is evidence of persistent inflammatory

activity [78].

The MIMS phase III study assigned 194 patients with

worsening RRMS or SPMS to receive placebo or mitox-

antrone (5 g/m2 or 12 mg/m2) every 3 months intra-

venously [77]. The primary endpoint was a multivariate

analysis of five clinical measures. Analyses of mitox-

antrone 12 mg/m2 versus placebo were based on patients

who received at least one dose and returned for at least one

assessment of efficacy. Patients receiving 12 mg/m2

showed significantly reduced disability progression and

had fewer clinical exacerbations. At 24 months, the

mitoxantrone group experienced statistically significant

benefits compared with the placebo group in the primary

outcome (difference 0.30 [95% CI 0.17–0.44]; p\ 0.0001)

and the pre-planned univariate analyses: change in EDSS

(0.24 [0.04–0.44]; p = 0.0194), change in ambulation

index (0.21 [0.02–0.40]; p = 0.0306), adjusted total num-

ber of treated relapses (0.38 [0.18–0.59]; p = 0.0002), time

to first treated relapse (0.44 [0.20–0.69]; p = 0.0004), and

change in standardised neurological status (0.23

[0.03–0.43]; p = 0.0268).

3.4 Azathioprine

3.4.1 Mechanism of Action

Azathioprine (AZ) is a purine antagonist that impairs DNA

replication. It impairs T-lymphocyte function and is more

selective for T lymphocytes than for B lymphocytes [79].

AZ and its metabolites also impact T-lymphocyte apoptosis

by modulation of Rac1 activation upon CD28 co-stimula-

tion. As a result, the Rac1 target genes, such as mitogen-

activated protein kinase, and nuclear factor-kappaB (NF-

jB) and bcl-x (L) are suppressed, leading to apoptosis [80].

3.4.2 Clinical Trials

In 2007, the Cochrane Collaboration conducted a system-

atic review of the efficacy of AZ in the treatment of MS.

Only randomised, double-blind, placebo-controlled trials

that lasted at least 1 year were included, and the primary

outcome was whether AZ prevented disability progression

[81]. Five trials, including a total of 698 MS patients, were

included; one included PMS subjects and three included

mixed RRMS/PMS populations, and only one had an

exclusively RRMS population [82]. Data from only 87

patients were available to calculate the number of patients

who progressed during the first 2–3 years. There was a

statistically significant benefit (RR 0.42, 95% CI

0.07–0.64) of AZ therapy at 3 years’ follow-up; this result

was robust after sensitivity analyses and there was no

heterogeneity among the trials. One further small add-on
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study performed in 2009 did not show any effects in SPMS

[83].

The largest trial included RRMS and PMS patients, but

was not included in the Cochrane review progression

analysis. 354 patients were randomised to receive either

AZ 2.5 mg/kg daily or placebo [84]. After 3 years, only

small differences emerged between the groups. The mean

increase in EDSS was 0.62 with AZ and 0.80 with placebo,

a difference of 0.18. There were fewer relapses in the AZ

group (average 2.2) than in the placebo group (average

2.5), but the difference was not statistically significant.

A further trial in PMS included both PPMS and SPMS

patients [85]. Ninety-eight patients were recruited to a

3-year clinical trial to determine the effect of AZ alone, or

AZ in combination with methylprednisolone (MP) for the

first 36 weeks (group AM). Group AP received AZ and

placebo instead of MP. A fourth group PP took placebos

for both drugs. The AZ dose was adjusted to maintain the

total white blood cell count within 3000–4000/mm3; MP

was given in a fixed-dose ‘pulse’ and alternate-day regi-

men. The ‘intent-to-treat’ groups had no statistically sig-

nificant differences in the rates of progression among the

three treatments. Subgroup analyses suggest that the AM

group who completed treatment exactly according to pro-

tocol did statistically significantly better than the placebo

recipients using the sum of Standard Neurological Exam-

ination (SNE) scores; they were slightly better using the

quantitative neuro-performance tests, but no better using

Mickey’s Illness Severity Scores (ISS) or EDSS. The AZ-

treated groups had half the relapse rate of the placebo-

treated group. Adverse reactions to AZ accounted for most

withdrawals; this was mainly due to haematological and

hepatic abnormalities. The addition of MP to the AZ non-

significantly improved efficacy, but also increased the

adverse effects.

A further single-blind randomised parallel group trial of

18 months’ treatment with follow-up was reported [86].

185 subjects (74 RRMS (40%); 111 SPMS (60%)) were

randomised: 93 to AZ (2.5 mg/kg/daily) and 92 to placebo.

Only 135 (73%) were included in the analysis (AZ 69;

placebo 66). Outcomes included the mean number of

relapses in the two groups at 18 months and patients

defined as having worsened between the final and initial

Kurtzke DSS score. Out of 37 patients with relapsing-

progressive disease course in the AZ group, 19 improved or

were stable in terms of DSS over 18 months (51%), while

25 out of 44 placebo patients were reported as stable or

improved (57%).

A study reported in 1993 [87] randomised 40 patients in

a double-blind trial. Nineteen received AZ (2 mg/kg daily)

and 21 placebo over 3 years; 47.5% had a relapsing course

and 52.5% had PMS. Chronic-progressive patients had to

have a steady progression of disability of at least 1 point on

the EDSS scale in the year prior to study entry. Outcome

measures were the number of relapses per year, number of

patients experiencing relapses during the study, progres-

sion on EDSS and number of patients who remained

stable during the study. Twenty-one patients dropped out of

the study (12 AZ and nine placebo). At the end of the

study, 82% of the placebo group had deteriorated by one or

more points on the EDSS compared with 38% in the AZ

group, with a statistical significance of p = 0.051.

The ASPIRE study assessed the efficacy, safety and

tolerability of AZ when added to IFNb in patients with

SPMS who had an incomplete response to IFNb. The pri-

mary endpoint was change in MSFC over the 2-year dou-

ble-blind and 1-year open-treatment periods. Secondary

endpoints included EDSS and MSQOL-54. Eighty-five

patients were randomised, 42 to AZ and IFNb and 43 to

placebo and IFNb treatment. At the end of 36 months, 45

patients completed the study (23 and 21, respectively), with

a high number of dropouts. MSQOL-54 data showed a

slight worsening in the AZ group. MSFC data were com-

pared with baseline data and showed a slight worsening at

36 months in the AZ group in comparison with placebo.

MRI data showed a reduction in enhancing lesions only at

12 months of treatment in the AZ group but not at 24 and

36 months [83].

3.5 Cyclosporine

3.5.1 Mechanism of Action

Cyclosporine (CsA) is a neutral lipophilic cyclic unde-

capeptide isolated from the fungus Hypocladium inflatum

gams that has been widely used for the treatment of allograft

rejection and graft-versus-host disease [88]. CsA inhibits

T-cell activation by blocking the transcription of cytokine

genes, including IL-2 and IL-4 [89]. CsA is an inhibitor of

the calcineurin/nuclear factor of activated T-cell pathway

and also the mitogen-associated protein kinase, c-Jun NH

(2)-terminal protein kinases, Stress-Activated Protein Kinase

and the p38 signalling pathways [90].

3.5.2 Clinical Trials

Only one trial could be identified using cyclosporine in PMS

[91]. Patients were recruited with clinically definite (CD)

MS, an entry EDSS score between 3.0 and 7.0, and a pro-

gressive course defined by an increase in the EDSS of

between 1 and 3 points in the year prior to entry. Patients

were randomised to receive either CsA (n = 273) or placebo

(n = 274) in a 2-year, double-blind, multicentre trial. CsA

dosage was adjusted for toxicity. The mean increase in

EDSS score was 0.39 ± 1.07 with CsA and 0.65 ± 1.08

with placebo until the time of early withdrawal or
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completion of the study (p = 0.002). Of three primary

efficacy criteria, CsA delayed the time to becoming wheel-

chair bound (p = 0.038), but there were no statistically

significant effects on time to sustained progression or on a

composite score of ‘activities of daily living’. CsA did have

a favourable effect on secondary measures that included: an

endpoint analysis of change from baseline EDSS for the

patients completing 12 and 24 months of study, overall

clinical assessments by blinded neurologists, and global

assessment of change from baseline to 12 and 24 months’

completion. There was a large and differential withdrawal

rate for CsA (44 vs. 32% for placebo) mostly due to

nephrotoxicity and hypertension, but this did not explain the

effect of CsA in delaying disease progression [91].

3.6 Methotrexate

3.6.1 Mechanism of Action

Methotrexate (MTX) inhibits dihydrofolic acid reductase,

reducing dihydrofolate to tetrahydrofolate in the synthesis

of purine nucleotides and thymidylate. MTX interferes

with DNA synthesis, repair and cellular replication [92].

3.6.2 Clinical Trials

A Cochrane review identified one trial involving 60 par-

ticipants with PMS where MTX produced a non-significant

trend to reduce sustained EDSS progression and number of

relapses [93]. Oral weekly low-dose MTX 7.5 mg versus

placebo over 2 years was studied in a randomised, double-

blind, placebo-controlled clinical trial in 60 patients with

progressive CDMS aged between 21 and 60 years with a

disease duration of[1 year and an EDSS between 3.0 and

6.5. Apart from the non-significant results above, the MTX

group had significantly less progression of impairment as

measured by validated tests of upper-extremity function in

the absence of clinically significant toxicity [94].

3.7 Cyclophosphamide

3.7.1 Mechanism of Action

Cyclophosphamide (CPM) is a widely used alkylating

chemotherapeutic agent that is metabolised in the liver to

form active metabolites that bind DNA and interfere with

mitosis and cell replication [95]. CPM depletes lympho-

cytes in both the peripheral blood and cerebrospinal fluid,

and decreases immunoglobulin production [96]. CPM

decreases secretion of interferon-gamma (IFNc) and IL-12

from the pro-inflammatory T helper (Th) 1 cells, and

increases secretion of anti-inflammatory Th2 cytokines IL-

4 and IL-10 in CSF and peripheral blood [97, 98].

3.7.2 Clinical Trials

Two studies have used CPM, one of which was placebo

controlled [99] and the second was without placebo [100].

CPM was assessed in a single randomised, placebo-con-

trolled, single-blind study of 168 patients with PMS, who

had a deterioration of C1.0 point on the EDSS in the pre-

vious year. Patients were randomised to receive intravenous

CPM and oral prednisone (n = 55); daily oral CPM, alter-

nate-day prednisone (22 weeks), and weekly plasma

exchange (20 weeks) (n = 57), or placebo medications and

sham plasma exchange (n = 56). All patients were followed

for at least 12 months (mean 30.4 months). There were no

significant differences between the groups in this primary

analysis (19 [35%] treatment failures with CPM; 18 [32%]

with plasma exchange; 16 [29%] with placebo). There were

also no differences in the proportions improved, stabilised or

worsened at each 6-month assessment or in the mean change

in the EDSS at the final assessment (0.81 CPM; 0.69 plasma

exchange; 0.69 placebo) [99].

The other study was of CPM versus MP in SPMS in a

multicentre, randomised, double-blind, controlled phase III

clinical trial. Two parallel arms compared intravenous (IV)

CPM (750 mg/m2 body surface area) to IV MP every 4

weeks (1 g) during the first year and every 8 weeks during

the second year on evolution of physical disability in SPMS.

Inclusion criteria were age 18–65 years, EDSS between 4.0

and 6.5 inclusive, progressive deterioration[6 months and

\3 years, with a documented reduction of walking distance

in the last 12 months. The primary outcome was the delay to

confirmed EDSS deterioration. Secondary outcomes were

walking distance, proportion of patients with EDSS deteri-

oration, relapse rate, MSFC and safety. Intention-to-treat

analysis was carried out. The primary endpoint was analysed

using the Kaplan-Meier method and the delay of EDSS

deterioration was compared between treatment groups by a

log-rank test. 138 SPMS patients were randomised and

allocated in the two groups. The mean duration of treatment

was 94 weeks. For the primary endpoint, 18.1% of CPM

patients experienced a deterioration compared with 31.8% of

MP patients (p = 0.06). Fifty-two patients stopped treat-

ment prematurely; in 24 this was for adverse events. Patients

who were able to stay on CPM had a lower risk of further

disability, but their dropout rate from treatment was twice

that for MP [100].

3.8 Linomide

3.8.1 Mechanism of Action

Linomide (quinoline-3-carboxamide) is a synthetic

immunomodulator that increases natural killer (NK) cell

activity. It was shown to have an inhibitory effect on the
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clinical and histological signs of acute and chronic

relapsing experimental autoimmune encephalomyelitis

(EAE), inducing suppression of lymphocyte response to

antigens and autoantibody production, and induces acti-

vation of NK and suppressor-inducer cells [101]. Linomide

treatment significantly increased the percentage of the

CD4?/CD45RA? cells and decreased CD4?/CD45RO?

cells. Linomide also induced a transient increase in NK 1.1

cells, and CD5 B-cells [102].

3.8.2 Clinical Trials

Two studies have used linomide: an initial phase II study

[103] that was followed by a phase III study that was

stopped due to side effects [104].

A double-blind, phase II study found linomide-treated

MS patients had significantly less active lesions on serial

monthly MRI scans and a tendency to stabilise clinically.

Thirty patients with SPMS with an EDSS of 3–7 were

treated with linomide (2.5 mg) or placebo. Twenty-four

patients completed at least 6 months of treatment. At 24

weeks, the mean shift in EDSS was ?0.27 ± 0.16 with

placebo versus -0.17 ± 0.17 with linomide (p = 0.045).

The percentage of patients with evidence of ‘activity’ on

their MRI (new, enlarging or new Gd-enhancing lesions)

throughout the treatment period was 75% with placebo and

33% with linomide (p = 0.021) [103].

A subsequent trial with linomide was terminated due to

serious side effects. In this randomised, double-blind, pla-

cebo-controlled trial, 715 patients with active RRMS

(n = 90) or SPMS (n = 625) were randomised to receive

either linomide (1.0, 2.5 or 7.5mg) or placebo. Patients

were evaluated at 3-month intervals, clinically and with

MRI. The planned primary outcome was the time to the

development of ‘confirmed’ clinical worsening defined as

an increase of C1.0 EDSS score if entry EDSS was B5.0,

or C0.5 point with an entry EDSS C5.5, that was not

associated with an acute relapse [104]. The trial was ter-

minated 1 month after it became fully enrolled due to

unanticipated life-threatening cardiopulmonary toxicities.

Significant arthralgia, myalgia, bursitis and facial and

peripheral oedema were common adverse events. The trial

was too brief to determine unequivocal clinical benefits.

3.9 Cladribine

3.9.1 Mechanism of Action

Cladribine (CL) (2-chlorodeoxyadenosine) is an adenosine

deaminase-resistant purine nucleoside chemotherapeutic

agent. CL enters the cell via the purine nucleoside trans-

porters and is phosphorylated by deoxycytidine kinase. In

cells in which the ratio of deoxycytidine kinase to

deoxynucleotidase is high, such as lymphocytes and

monocytes, CL is phosphorylated to the active triphosphate

deoxynucleotide, 2-chlorodeoxyadenosine-ATP, the accu-

mulation of which disrupts cellular metabolism and dam-

ages DNA, causing cell death. These processes lead to

lymphocyte depletion and long-lasting lymphopenia [105].

3.9.2 Clinical Trials

Initially, CL was tested intravenously in PMS in one ran-

domised, double-blind clinical trial [106] and subsequently

orally in one trial [107]. Intravenously, it was tested in 51

subjects with PMS with a crossover to placebo after 1 year

[106]. There was a reported favourable influence on both

EDSS and Scripps Neurologic Rating Scale (SNRS) scores.

There were also similar favourable changes on the MRI

findings in patients treated with CL. In the first year the

most striking finding was that while clinical deterioration

continued in the placebo-treated patients, the condition of

patients who received CL stabilized or even improved

slightly [108].

Orally, CL was studied in 159 patients with a median

baseline EDSS of 6.0 who were randomised to placebo or

CL 0.07 mg/kg/day for five consecutive days every 4

weeks for either two or six cycles (total dose, 0.7 mg/kg or

2.1 mg/kg, respectively), followed by placebo, for a total of

eight cycles. Thirty percent had PPMS and 70% had SPMS.

EDSS and SNRS scores were assessed bi-monthly and

MRI was performed every 6 months. The primary outcome

measure was mean change in EDSS, which did not differ

among the groups at the end of the 12-month double-blind

phase. Both CL treatments were superior to placebo for the

proportion of patients having Gd? lesions (p = 0.003).

Differences were statistically significant at the 6-month

evaluation and were maintained at the final evaluation. The

effect segregated largely with the SPMS group. The T2

burden of disease showed a modest improvement in CL-

treated patients and worsened in placebo-treated patients.

Most adverse events were mild or moderate in severity and

were not treatment limiting. No statistically significant

treatment effects were seen in terms of changes in EDSS or

SNRS scores [107].

3.10 Immunoglobulin

3.10.1 Mechanism of Action

Immunoglobulin (IVIG) can protect oligodendrocytes

against complement-mediated injury and potentially

enhance remyelination. In addition, IVIG can modulate

microglial functions in vitro creating a microenvironment

permissive for remyelination [109]. In EAE, infusions of

IVIG significantly reduced disease symptoms as well as the
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underlying CNS pathology. IVIG was only effective in

EAE when administered in a prophylactic treatment pro-

tocol; IVIG in established EAE did not alter the disease

course or the degree of inflammation [110].

3.10.2 Clinical Trials

Two studies have studied the effect of IVIG in PMS.

In the European study, 318 SPMS patients (mean age 44

years) were randomly assigned IVIG 1 g/kg per month

(n = 159) or an equivalent volume of placebo (albumin

0.1%; n = 159) for 27 months. Clinical assessments were

made 3-monthly and the MRI was repeated after 12 months

and 24 months. The primary outcome was confirmed

worsening of disability as defined by the time to first

confirmed progression on the EDSS. Analyses were by

intention to treat. Nineteen patients in the IVIG group and

39 in the placebo group terminated the study treatment

prematurely but were included in the analyses. IVIG

treatment had no beneficial effect on time to confirmed

EDSS progression (hazard ratio 1.11 [95% CI 0.80–1.53]

for IVIG vs. placebo). The annual relapse rate was 0.46 in

both groups. No statistically significant differences

between the treatment groups were found in any of the

other clinical outcome measures nor in the change of T2-

lesion load over time. The treatment was generally well

tolerated, although deep venous thrombosis, pulmonary

embolism or both occurred in seven patients with risk

factors for thromboembolism (six who had IVIG and one

who had placebo) [111].

A further trial investigated the influence of IVIG in

PPMS and SPMS [112]. 231 patients stratified for PPMS

(n = 34) and SPMS (n = 197) were randomly assigned to

IVIG 0.4 g/kg per month or placebo for 24 months. Pri-

mary endpoints were: (i) the time to confirmed progres-

sion of disease identified as worsening of the EDSS,

confirmed at 3 months, and (ii) improvement of neuro-

logical function as defined by a patient’s best EDSS score.

Secondary endpoints were the proportion of patients with

confirmed progression, relapse rate, assessment of fine

motor skills, visual evoked potentials, contrast sensitivity,

depression and quality of life. Analysis of the intention-

to-treat (ITT) population of combined PPMS and SPMS

patients showed that the mean time to confirmed pro-

gression was 74 weeks in the IVIG compared with 62

weeks in the placebo group (p = 0.041). When PPMS and

SPMS patients were analysed separately, the time to

confirmed progression was also longer in the IVIG group,

but the difference was not significant. In the combined

ITT population, there were fewer patients with confirmed

progression in the IVIG than in the placebo group

(p = 0.028). There was no IVIG-mediated improvement

in neurological function. In the combined per-protocol

treated patients, IVIG treatment prolonged time to con-

firmed progression by 13 weeks (p = 0.0396). PPMS

patients, but not SPMS patients, showed a slight favour-

able IVIG effect on the best EDSS score. The difference

was significant in PPMS (p = 0.016) but not in SPMS

patients. There was a trend for a favourable IVIG effect

on the proportion of patients with confirmed progression.

In patients with PPMS, IVIG reached significance over

placebo (p = 0.036). Other secondary endpoints did not

show significant differences between treatment groups.

Eighteen patients with PPMS and 102 patients with SPMS

withdrew from the study. The main reasons for with-

drawal were a lack of efficacy, adverse events, withdrawal

of consent, protocol violation, personal problems and one

death.

3.11 Dirucotide

3.11.1 Mechanism of Action

Dirucotide is a synthetic peptide of myelin basic protein

(MBP) and a molecular replicate of the site of attack that is

dominant in MS patients with HLA haplotypes DR-2 or

DR-4. These haplotypes are present in 65–75% of patients.

The apparent mechanism of action of dirucotide is the

induction or restoration of immunological tolerance with

respect to ongoing immune attack at this molecular site

[113].

3.11.2 Clinical Trials

Based on the results of a small trial [113], a phase III

trial was designed targeting a subgroup of subjects [114].

The initial small double-blind, placebo-controlled phase

II study of dirucotide in PMS failed to slow the time to

disease progression but post-hoc analysis suggested

efficacy in a subset of patients with HLA DR2/DR4

[113]; this represented 62.5% of the MS population

[110].

As a result, MAESTRO, a multicentre, randomised,

2-year, double-blind, placebo-controlled study was initi-

ated. It included 612 subjects with a diagnosis of SPMS

and an EDSS of 3.5–6.5. Subjects were stratified according

to baseline EDSS score (3.5–5.0, or 5.5–6.5) and HLA

haplotype (DR2?/DR4?, or DR2-/DR4-). Upon entry of

100 DR2-/DR4- subjects, further study enrolment was

limited to DR2?/DR4? subjects. Subjects were randomly

assigned to either 500 mg dirucotide or placebo, given by

IV injection once every 6 months for 2 years. The primary

outcome measure was time to progression by C1.0 EDSS

point or 0.5 point if baseline EDSS was 5.5 or higher,

confirmed at 6 months. Secondary outcomes included:

mean change in EDSS, mean change in MSFC, MRI
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changes, annualized relapse rate and quality of life. There

were no significant differences between treatment groups

in either the primary or secondary endpoints. Dirucotide

was well tolerated in all treated subjects with no safety

issues identified [114].

3.12 Antibodies to Interferon c or Tumor Necrosis

Factor a

3.12.1 Mechanism of Action

Cytokines upregulating cellular immunity and produced by

monocytes (IL-1, TNFa) and by Th1 helpers (IL-2, IFNc,
TNF-b) are thought to drive the pathological process and

tissue injury in MS, while cytokines produced by Th2 cells

(IL-4, IL-10) have been shown to suppress Th1 cells and

cell-mediated immunity [115]. Therefore, preventing these

effects using antibody blockage could potentially be

beneficial.

3.12.2 Clinical Trials

In a double-blind, placebo-controlled trial, 45 patients with

active SPMS were randomised to three groups of 15

patients, each receiving a short course of antibodies to

IFNc, TNFa or placebo. After 12 months EDSS, lympho-

cyte subpopulations, cytokine production levels, MRI and

evoked potentials were assessed. Only patients who

received antibodies to IFNc showed a significant increase

in the number of patients without confirmed disability

progression versus placebo. MRI also showed a decrease in

the number of active lesions and a decrease in IL-1b, TNFa
and IFNc concentrations in supernatants of activated blood

cells and an increase in TGF-b production [116].

3.13 Simvastatin

3.13.1 Mechanism of Action

HMG-CoA reductase inhibitors (‘statins’) have multiple

potentially positive effects but the relevant mechanism of

action of statins remains unknown. Simvastatin rescued

Ab-mediated cerebrovascular and cognitive deficits in a

transgenic mouse model of Alzheimer’s disease [117].

Simvastatin restored baseline levels of nitric oxide (NO),

NO- and KATP channel-mediated dilations and endothelin-

1-induced contractions. Simvastatin significantly reduced

vasculopathy with arteriogenic remodelling and string

vessel pathology in TGF mice. Statins can inhibit matrix

metalloproteinases (MMP) production and activity. MMPs

are increased in neural cells and leukocytes that infiltrate

into the CNS. Upregulated MMPs can disrupt the blood-

brain barrier and potentially mediate neuroinflammation

and demyelination, and cause direct toxicity to axons and

neurons. Immunomodulatory effects of statins have also

been noted including inhibition of CD40 and adhesion

molecule expression, and blockage of lymphocyte func-

tion-associated antigen-mediated co-stimulation [118].

Simvastatin was found to inhibit IL-1b, IL-23, TGF-b, IL-
21 and IL-12p70, and induces IL-27 secretion from den-

dritic cells providing an inhibitory cytokine milieu for

Th17 and Th1-cell differentiation [119].

3.13.2 Clinical Trials

To date, only one trial has been completed in SPMS [9].

The MS STAT trial, a double-blind, controlled trial ran-

domised 140 participants aged 18–65 years with SPMS to

receive 80 mg of simvastatin or placebo. The primary

outcome was annualised rate of whole-brain atrophy.

Notably the last MRI was performed 1 month off treatment.

Analyses were by ITT and per protocol. The mean annu-

alised atrophy rate was significantly lower in patients in the

simvastatin group (0.288% per year [SD 0.521]) than in

those in the placebo group (0.584% per year [0.498]). The

adjusted difference in atrophy rate between groups was -

0.254% per year (95% CI -0.422 to -0.087; p = 0.003), a

43% reduction in annualised rate. Simvastatin also showed

benefits in both the EDSS and in the Multiple Sclerosis

Impact Scale 29.

3.14 Lamotrigine

3.14.1 Mechanism of Action

Lamotrigine (LTG) acts via sodium channel blockade and

also has antiglutamatergic and neuroprotective actions

[120]. Excessive accumulation of sodium in axons affected

by inflammation or demyelination makes axons vulnerable

to injury by favouring calcium accumulation via the

sodium-calcium exchanger [121, 122]. Partial blockade of

voltage-gated sodium channels is neuroprotective in sev-

eral experimental models of inflammatory axonal injury

[123, 124].

3.14.2 Clinical Trials

One hundred and twenty patients with SPMS were studied

in a double-blind, parallel-group trial. Patients were ran-

domly assigned to receive LTG (target dose 400 mg/day)

or placebo for 2 years. The primary outcome was the rate

of change of partial (central) cerebral volume over 24

months. The mean change in partial (central) cerebral

volume per year was -3.18 ml (SD -1.25) in the LTG

group and -2.48 ml (-0.97) in the placebo group (dif-

ference -0.71 ml, 95% CI -2.56 to 1.15; p = 0.40).
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However, in an exploratory modelling analysis, LTG

treatment seemed to be associated with greater partial

(central) cerebral volume loss than was placebo in the first

year (p = 0.04), and volume increased partially after

treatment stopped (p = 0.04). LTG treatment reduced the

deterioration of the T25FW (p = 0.02) but did not affect

other secondary clinical outcome measures. The effect of

LTG on cerebral volume of patients with SPMS did not

differ from that of placebo over 24 months, but LTG

seemed to cause early volume loss that reversed partially

on discontinuation of treatment [125].

3.15 Dronabinol

3.15.1 Mechanism of Action

Laboratory evidence has found that cannabinoids have a

neuroprotective action. Glutamate toxicity was reduced by

cannabidiol, a nonpsychoactive constituent of marijuana,

and the psychotropic cannabinoid D9-tetrahydrocannabinol
(THC). Cannabinoids were also protective against neuro-

toxicity mediated by N-methyl-d-aspartate receptors and

kainate receptors [126].

3.15.2 Clinical Trials

The CAMS study used oral D9-tetrahydrocannabinol (D9-
THC) as a treatment for spasticity. However, a post-hoc

analysis suggested there may be effects on disability [127].

This led to CUPID, a multicentre, parallel, randomised,

double-blind, placebo-controlled study, in which patients

aged 18–65 years with PPMS or SPMS were randomly

assigned (2:1) to receive dronabinol (D (9)-tetrahydro-

cannabinol) or placebo for 36 months. The maximum dose

was 28 mg/day, titrated against bodyweight and adverse

effects. Primary outcomes were EDSS progression (C1

point from baseline EDSS of 4.0–5.0 or C0.5 point from a

baseline EDSS of C5.5, confirmed at 6 months) and change

from baseline in the physical impact subscale of the

29-item multiple sclerosis impact scale (MSIS-29-PHYS).

Of the 498 patients randomly assigned to a treatment

group, 329 received at least one dose of dronabinol and 164

received at least one dose of placebo (five did not receive

the allocated intervention). 145 patients in the dronabinol

group had EDSS score progression (0.24 first progression

events per patient-year compared with 73 in the placebo

group); the hazard ratio for prespecified primary analysis

was 0.92 (p = 0.57). The mean yearly change in MSIS-29-

PHYS score was 0.62 points (SD 3.29) in the dronabinol

group versus 1.03 points (3.74) in the placebo group. Pri-

mary analysis with a multilevel model gave an estimated

between-group difference (dronabinol vs. placebo) of -0.9

points (95% CI -2.0 to 0.2) [128].

3.16 Masitinib

3.16.1 Mechanism of Action

Brain mast cells are located perivascularly and actively

participate in the pathogenesis of MS, in part because they

release large amounts of mediators that sustain the

inflammatory network by disrupting the blood-brain barrier

[129]. Masitinib, a selective oral tyrosine kinase inhibitor,

effectively inhibits the survival, migration and activity of

mast cells [130].

3.16.2 Clinical Trials

In a multicentre, randomised, placebo-controlled, proof-of-

concept trial in PMS, masitinib was administered orally at

3–6 mg/kg/day for at least 12 months, with dose adjustment

permitted in the event of insufficient response without

toxicity. The primary outcome was the change relative to

baseline MSFC. Clinical response was defined as an

increase in MSFC score relative to a baseline of[100%.

Thirty-five patients were randomised to receive masitinib

(n = 27) or placebo (n = 8). Masitinib appeared to have a

positive effect on MS-related impairment for PPMS and

relapse-free SPMS patients, as evidenced by an improve-

ment in MSFC scores relative to baseline, compared with a

worsening MSFC score in placebo; ?103% ± 189 versus

-60% ± 190 at month 12, respectively. This positive,

albeit not statistically significant response, was observed as

early as month 3 and sustained to month 18, with similar

trends seen in the PPMS and SPMS subpopulations. A total

of 7/22 (32%) assessible masitinib patients reported clini-

cal response following 12 months of treatment (according

to the modified intent-to-treat population, observed cases)

compared with none in the placebo group. The EDSS

remained stable in both treatment groups. These data

supported a larger placebo-controlled trial [131]. The cur-

rent phase III trial (NCT01433497) has recruited and was

due to report in 2015, but no results are as yet posted. The

trial used masitinib (6 mg/kg per day) or placebo in 450

PMS patients over 2 years; the primary outcome was

MSFC.

3.17 Natalizumab

3.17.1 Mechanism of Action

Natalizumab (NTL) is a humanised monoclonal antibody

targeting the a4-integrin molecule, a component of VLA-4,

and is approved for highly active MS in most countries.

Binding of NTL to a4b1-integrin blocks its interaction with

the receptor vascular cell adhesion molecule-1 on

endothelial cells at the blood-brain barrier, thus interfering

Drugs for Secondary Progressive Multiple Sclerosis 899



with leukocyte attachment and subsequent transmigration

into the CNS. It has been proposed that NTL additionally

interferes with T-cell activation and alters cell survival

[132].

3.17.2 Clinical Trials

NTL was tested in SPMS in a multicentre, randomised,

double-blind, placebo-controlled trial (ASCEND Trial).

The primary objective of the study was to investigate

whether treatment with NTL slows the accumulation of

disability not related to relapses in SPMS. Secondary

objectives included assessment of the proportion of par-

ticipants with consistent improvement in T25FW, the

change in the 12-item MS Walking Scale (MSWS-12), the

change in the ABILHAND Questionnaire, the impact on

the Multiple Sclerosis Impact Scale-29 Physical (MSIS-29

Physical) score, the change in MRI-assessed whole brain

volume between the end of study and week 24, and the

proportion of participants experiencing progression of

disability as measured by individual physical EDSS system

scores. 889 patients were enrolled in the study but it did not

achieve its primary objective (see https://clinicaltrials.gov/

ct2/show/NCT01416181).

3.18 Biotin

3.18.1 Mechanism of Action

Biotin is a vitamin acting as a coenzyme for carboxylases

involved in key steps of energy metabolism and fatty acid

synthesis. Biotin activates acetylCoA carboxylase, a

potentially rate-limiting enzyme in myelin synthesis. It is

hypothesized that biotin may help to promote remyelina-

tion and reduce axonal hypoxia [133].

3.18.2 Clinical Trials

A pilot uncontrolled, non-blinded, proof-of-concept study

with 23 consecutive patients with PPMS and SPMS, orig-

inating from three different French MS centres, treated

patients with high doses of biotin (100–300 mg/day) from 2

to 36 months (mean 9.2 months). In four patients with

prominent visual impairment related to optic nerve injury,

visual acuity improved significantly. Visual evoked

potentials in two patients exhibited progressive reappear-

ance of P100 waves, with normalization of latencies in one

case. Proton magnetic resonance spectroscopy (H-MRS) in

one case showed a progressive normalization of the cho-

line/creatine ratio. One patient with left homonymous

hemianopia continued to improve from 2 to 16 months

following treatment’s onset. Sixteen out of 18 patients

(89%) with prominent spinal cord involvement were

considered as improved as confirmed by blinded review of

videotaped clinical examination in nine cases. In all cases,

improvement was delayed from 2 to 8 months following

onset of treatment [7].

A further study recruited 154 patients aged 18–75 years

with PPMS/SPMS and an EDSS score of 4.5–7

(NCT02220933). During the previous 2 years, they must

have had experienced EDSS progression of at least 1 point

if their baseline EDSS score was 4.5–5.5, and of 0.5 point

if their baseline EDSS score was 6–7. Patients were ran-

domly assigned to placebo (n = 51) or to oral biotin

(n = 103) 300 mg/day. About 41% of the treatment group

and 55% of the placebo group were also taking fampridine,

a drug used to manage MS symptoms. The primary out-

come was an improvement at 9 months confirmed at 12

months, using either a change in EDSS score of at least 1

point (if baseline EDSS was 4.5–5.5) and 0.5 point (if

baseline EDSS was 6–7), or a decrease in T25FW of 20%

compared with baseline. At the end of the double-blind

phase, 13 out of 103 patients (12.6%) in the biotin group

and 0 out of 51 (0%) in the placebo control met the defi-

nition of the primary endpoint [8]. In the treatment group,

there was a mean EDSS decrease of 0.03 at month 12,

compared with a mean increase of 0.13 in the placebo

group (p = 0.014) [8]. Biotin has recently been filed for a

licence in the European Union.

3.19 Rituximab

3.19.1 Mechanism of Action

Rituximab is a chimeric monoclonal antibody (mAb) of the

IgG1j type that targets CD20, which is expressed by more

than 95% of B cells [134]. Rituximab mediates B-cell

death by antibody-dependent cell-mediated cytotoxicity

and complement-dependent cytotoxicity and by inducing

apoptotic mechanisms [135, 136].

3.19.2 Clinical Trials

Rituximab was used in a randomised trial in PPMS in 439

subjects and was not effective, but a subgroup analysis

highlighted that responders may be of a younger age with

Gd? lesions [137]. Targeting this group may have under-

pinned the success of a subsequent trial using ocrelizumab,

a related mAb targeting B cells, in PPMS [6].

A double-blind combination of rituximab in the Ritux-

imab by Intravenous and Intrathecal Injection vs Placebo in

patients with Low-Inflammatory SPMS (n = 80 planned,

EDSS 3–7) (RIVITaLISe) trial involved a 1-year pre-

treatment baseline series of visits, followed by a 2-year

treatment period. In the treatment arm patients received 25

mg of rituximab into the CSF and 200 mg of rituximab
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intravenously at month 0, followed by an additional 200

mg of rituximab intravenously at month 0.5 and another 25

mg of rituximab into the CSF at months 1.5 and 12.

Quantitative neuroimaging measures of CNS tissue

destruction and clinical and electrophysiological measures

of neurological disability will be collected every 6–12

months. Additionally, biomarkers focusing on analysis of

CSF B cells and immunological responses to EBV will be

collected at baseline and during treatment. The trial was

powered for progression of brain atrophy as detected by

SIENA methodology.

The trial had an adaptive design and all defined outcome

measures collected in the first 30 enrolled patients were to

be transformed into z-scores and compared for the

robustness of longitudinal change over the coefficient of

variation. As a result, the primary outcome measure of this

trial was the comparison of individualized rates of brain

atrophy progression between the rituximab and placebo

groups after 2 years of treatment, unless the predetermined

analysis established that one of the secondary outcome

measures has a higher z-score.

The trial was terminated early as a planned interim

analysis for the efficacy of B-cell depletion from the

intrathecal compartment fitted the pre-defined stopping

criteria for futility: if less than 50% of intrathecal B cells

were depleted by active treatment (measured by \25%

decrease in CSF CXCL13 and \50% increase in CSF

BAFF). At that point, 43 subjects had entered the trial.

Sixteen subjects did not proceed from year 1 into the

treatment phase and nine subjects received placebo and 18

rituximab (see https://clinicaltrials.gov/ct2/show/

NCT01212094).

3.20 Lipoic Acid

3.20.1 Mechanism of Action

Lipoic acid (LA) is an inexpensive and readily available

oral antioxidant supplement. LA decreases inflammation

and reduces optic nerve and spinal cord atrophy in EAE

[138–140]. LA may exert its effects by reducing microglial

activation and has beneficial effects on inflammatory

cytokines in RRMS [141].

3.20.2 Clinical Trials

A 2-year, double-blind, randomised, controlled trial of

1200 mg daily LA versus placebo has recently been pre-

sented in poster form only (see https://clinicaltrials.gov/ct2/

show/NCT01188811) [142]. The primary outcome was a

reduction in MRI whole brain atrophy. Secondary out-

comes included atrophy of brain substructures, spinal cord

atrophy, retinal and macular atrophy, changes in

neurological examination, walking, cognition, fatigue and

quality of life. Pharmacokinetic laboratory markers were

drawn at baseline and at month 12. Adverse events and

safety laboratory measures were monitored.

Of the 54 randomised subjects, 51 subjects took at least

one dose of study drug and were included in the analysis.

Twenty-seven took LA and 24 took placebo. The average

age was 58.5 ± 5.9 years; 61% were female. Average

disease duration was 29.6 ± 9.5 years and median EDSS

6.0 (3.0–9.0). Four subjects terminated early (one each for

glomerulonephritis, testicular cancer, renal failure and MRI

intolerance). There was a baseline difference in whole

brain volume with the LA having a significantly larger

brain volume (p\ 0.004). However, there was a significant

reduction in brain volume loss over 96 weeks in the LA

group (-0.4 ± 0.7) versus placebo (-1.3 ± 1.1). None of

the secondary outcomes were significant. It was concluded

that a larger trial was warranted to determine the clinical

benefits and to confirm the safety.

3.21 Siponimod

3.21.1 Mechanism of Action

Siponimod is a selective S1P1 and S1P5 modulator that

inhibits lymphocyte migration into the CNS. The non-se-

lective S1P modulator fingolimod is effective in RRMS

and brain atrophy but it was not effective in a double-blind,

multicentre, parallel-group study of 969 PPMS patients

with flexible treatment duration (minimum 3 years; maxi-

mum 5 years) [15]. Using fingolimod as an initial lead

structure a novel chemical series was developed that

focused on S1P1 potency, selectivity against S1P3, and

safety and pharmacokinetics. This resulted in the devel-

opment of siponimod [143]. Using MRI as an outcome,

siponimod was tested in a double-blind adaptive dose-

ranging phase II study in RRMS [144]; a 24-month

extension confirmed effects on MRI and relapse rates

[145].

3.21.2 Clinical Trials

Siponimod has been tested in the largest phase III ran-

domised double-blind, placebo-controlled study in SPMS.

Patients were aged between 18 and 60 years and had an

EDSS score of 3.0–6.5. Eligible patients were randomised

to receive either 2 mg of once-daily siponimod following

initial dose titration starting at 0.25 mg or matching pla-

cebo. The primary outcome measure was time to 3-month

confirmed disability progression as measured by an

increase in EDSS. The key secondary outcomes were time

to confirmed worsening of C20% from baseline in the

T25FW and T2 lesion volume change from baseline. 1651
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patients across 31 countries were enrolled (mean age

48.0 ± 7.9 years). Relapses in the 2 years prior to study

start were documented in 35.1% patients (n = 578), and

55.2% had an EDSS C6. In patients with prior relapses,

median duration of MS since first symptom/conversion to

SPMS was 14.3/1.8 years and in those without prior

relapses median duration of MS since first symptom/con-

version to SPMS was 16.9/3.12 years [146].

The trial was composed of a core and an extension. 1363

patients completed the first core phase up to a maximum of

3 years. Eighty-seven percent were followed for at least 1

year, and the median follow-up time was 21 months.

Siponimod reduced the risk of progression by 21% when

looking at 3-month intervals. When analysing disease

progression in 6-month intervals, the effect was even

greater. This slowing of disability progression was seen in

different types of patients, including those who did not

have relapses. In addition, siponimod reduced the yearly

relapse rate, brain volume loss and the volume of brain

lesions measured by MRI. However, the drug did not

improve performance on the T25FW [147].

4 Ongoing Pharmacological Studies in SPMS

There are a number of ongoing trials in SPMS that are

currently running or have completed and the results are

awaited (Table 2).

4.1 Ibudilast

Ibudilast is a phosphodiesterase inhibitor which showed a

reduction in brain atrophy in a phase II study in RRMS

[148]. On the basis of this atrophy benefit in RRMS,

ibudilast is currently being studied in a phase II study in

PMS (SPRINT-MS; NCT01982942). Patients can be

Table 2 Ongoing trials in progressive MS and where results are awaited

Trial name,

clinical trial

number, phase

Treatment(s) MS

Type

Time to

completion

N Entry

EDSS

Randomised

trial duration

(years)

Primary efficacy

outcome

NCT01433497,

Phase IIB/3

Masitinib

Placebo

SPMS/

PPMS

2015 450 2–6 2 MSFC

MS SMART,

NCT01910259,

Phase II

Amiloride/Fluoxetine/Riluzole

Placebo

SPMS 2017 440 4–6.5 2 Brain atrophy

NCT02057159,

Phase II

NeuroVx TCR peptide vaccine

Placebo

SPMS 2017 200 C3.5 1 Cumulative

gadolinium-

enhancing lesions

Abili-T,

NCT01684761,

Phase II

Tcelna

Placebo

SPMS 2015 180 3–6 2 Brain atrophy

ACTiMUS,

NCT01815632,

Phase II

Early autologous bone marrow infusion

Late autologous bone marrow infusion

SPMS/

PPMS

2018 80 4–6 2 Mean change in

global evoked

potential

SPRINT-MS,

NCT01982942,

Phase II

Ibudilast

Placebo

SPMS/

PPMS

2017 250 3–6.6 2 Brain atrophy

NCT01950234,

Phase II

ACTH

Placebo

SPMS/

PPMS

2017 100 2–6 3 Proportion with

C20% worsening

of T25FW

SUPREMES,

NCT00799890,

Phase II

Sunphenon EGCg

Placebo

SPMS/

PPMS

Completed,

no results

available

60 3–8 3 Brain atrophy

NCT01259388,

Phase II

1 year standard therapy ? lithium

followed by 1 year standard therapy

without lithium

1 year standard therapy without lithium

followed by 1 year standard therapy ?

lithium

SPMS/

PPMS

Completed no

results

available

20 3–6.5 2 Brain atrophy

N number of subjects, MS multiple sclerosis, EDSS extended disability status scale, SPMS secondary progressive multiple sclerosis, PPMS

primary progressive multiple sclerosis, MSFC multiple sclerosis functional composite, TCR t-cell receptor, T25FW timed 25-foot walk
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untreated or remain on MS disease-modifying therapy (GA

or IFNb). The primary outcome is the covariate-adjusted

mean rate of change in brain atrophy over 96 weeks as

measured by brain parenchymal fraction. The trial was

fully recruited in 2016 and is due to complete in summer

2017.

4.2 Fluoxetine, Riluzole and Amiloride

The MS-Secondary Progressive Multi-Arm Randomisation

Trial (MS-SMART; NCT01910259) is a phase IIB double-

blind, placebo-controlled clinical trial comparing the effi-

cacy of three neuroprotective drugs (fluoxetine 20 mg

twice daily (bd), riluzole 50 mg bd or amiloride 5 mg bd) in

SPMS (440 patients, EDSS 4.0–6.5). All three drugs have

shown promise in early-phase human MS clinical trials and

target one or more of the pivotal neurodegenerative path-

ways implicated in SPMS. Patients will be followed up for

96 weeks and the primary outcome is change in brain

volume. Patient recruitment was complete at the time of

writing.

4.3 Imilecleucel-T Intervention

Abili-T (NCT01684761) is a phase II, double-blind,

placebo controlled, multicentre study to evaluate the

efficacy and safety of Tcelna (imilecleucel-T, autologous

T-Cell Immunotherapy) in SPMS. Subjects whose mye-

lin reactive T cell can be identified by epitope profiling

assay will be randomised and provide blood to manu-

facture Tcelna. Tcelna is an autologous pool of myelin

reactive T cells (MRTC) expanded ex vivo with

immunodominant epitopes selected from the three mye-

lin antigens, MBP, proteolipid protein and myelin

oligodendrocyte glycoprotein on a per-subject basis then

attenuated by irradiation to prevent further proliferation

before releasing product for administration. Subjects will

receive either Tcelna or placebo and will complete

baseline assessments and will receive five doses in year

1. Subjects will be evaluated for changes in disability

and cognitive function every 3 months, and radiographic

changes annually.

5 Discussion

We have identified 34 randomised, controlled trials testing

the potential efficacy of pharmacological treatments among

patients affected by SPMS that have been published since

1988. This review did not include trials of treatments in

PPMS alone, although primary and secondary progression

differ little in their clinical [13] and pathological features

[4].

5.1 Clinical Trial Design and Statistical Analysis

in SPMS

5.1.1 The Evolution of Clinical Trial Methodology

in SPMS

Although to date there does not appear to be an effective

treatment for SPMS, at least 13 trials (38%) were found to

have met their primary outcome; these appeared to be well

conducted, with sound methodology using standard design

and analysis methods. Recent studies have demonstrated

clear advances in the methodology over time.

Among the 34 trials included in this review, in only one

study was the randomization procedure not accurately

described [113]. The majority of trials were double-blind

(32/34 trials; 94%) with the exceptions of one open trial

[86] and one single-blind trial [99]. In many studies,

dropout was not higher than 20–25%, which is commonly

observed in long running trials. However, some studies

were troubled by high dropout rates. These included trials

with some of the older immunosuppressive treatments,

such as cyclosporine [91], AZ [83, 87] and CPM [100] as

well as IVIG [112]. Total sample sizes ranged from 35 in

small proof-of-concept trials [131] to 1949 in large con-

firmatory trials [146].

The included trials predominantly had two-arm parallel-

group designs (25/34, 74%) with some exceptions: notably,

one crossover trial [106] and eight multi-arm trials. This

latter advance in design approach also included five mul-

tidose trials. Most trials included a placebo or add-on

placebo control, with the exception of [100].

All trials except the siponimod trial [147] used a fixed

follow-up period for each patient. This approach of utilis-

ing an event rate to dictate the trial length enables the trial

to adapt to an uneven event rate that has troubled many of

the previous studies.

A total of 24 (71%) studies used the DSS or EDSS as the

primary endpoint. The EDSS changes were assessed with

different statistical analyses. Early trials used mean EDSS

changes, whereas later trials used proportions of patients

with progressions or time-to-progression, which can be

considered the current standard (see also [24]).

5.1.2 Lessons Learned

Failure to demonstrate efficacy in a number of trials might

be due to the fact that the drugs were simply not effective

or might be due to a number of design features including

poorly defined study populations (e.g. relapsing progres-

sive vs. purely progressive), insensitive outcomes (e.g.

EDSS) and insufficient statistical power (sample sizes as

well as study length). These problems, to an extent, can be

addressed through advances in trial methodology, and
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attempts to do so are seen emerging in the trials described

here.

The important lesson to be learned is that although 38%,

a substantial proportion, of the trials could be considered

successful and some of the drugs had been licensed for

other indications previously (repurposing), this did not

result in any drug being licensed for the treatment of

SPMS. It remains to be seen whether the recent success of

siponimod in SPMS and ocrelizumab in PPMS in phase III

trials will deliver a licensed therapy, but it appears that

developing a treatment requires a more strategic approach

than just performing a trial.

5.1.3 Future Developments

The large number of failing trials in SPMS indicates the

need for more robust and efficient study designs, endpoints

and analyses. Blinded sample size re-estimation, which

was proposed in relapsing MS in order to reduce uncer-

tainty in the planning stages [149], has more recently been

suggested as a possible solution for improving SPMS trial

design [150]. Further improvement can be achieved with

futility stopping, flexible follow-up and adaptive multi-arm

trials [24, 151]. Although these new technologies can make

clinical trials in SPMS more robust and efficient, at the

same time the planning of these trials becomes more

demanding and usually requires trial simulation [152]. The

most recent results demonstrate the use of adaptive design,

with the rituximab trial stopping early following a failed

futility analysis, but also with siponimod, where an adap-

tive design was used in determining optimal dosing [144].

5.2 Relapses: A Treatable Prodrome to Prevent

Progression in SPMS?

The current lack of licensed treatment options in PMS

highlights the importance of optimising current approaches

to treating RRMS with the aim of stopping progression by

preventing its occurrence in the first place. In contrast to

PPMS, this is a key potential opportunity in SPMS, as the

prodromal relapsing phase offers an opportunity to target

the disease process early on (Fig. 2). Focal inflammatory

processes initially play a dominant role early in the disease

course. By the time the disease enters the progressive

phase, the inflammation gradually subsides and the axonal

loss becomes the dominant pathological phenomenon

[153]. However, axonal damage is also an early patho-

logical feature of the disease, detected within actively

demyelinated lesions [154] and in the normal appearing

white matter [155]. The concept is further reinforced by

radiological evidence of global and focal grey matter

damage, occurring even before the disease onset, among

subjects with a radiologically isolated syndrome (RIS)

[156]. This is where radiological changes consistent with

demyelination are identified on a routine MRI scan without

related clinical symptoms [151].

Taken together, evidence indicates that mechanisms

underlying the accumulation of permanent disability are

active well in advance of the clinical onset of PMS [157].

The question of whether the suppression of the focal

inflammation can prevent axonal loss is still unresolved

and has a crucial importance for preventing progression

[158]. Natural history studies demonstrate that patients

with a larger number of relapses during the first 2–5 years

have an increased probability of SPMS and accumulate

disability more rapidly [159–161]. Therefore, early

inflammatory changes probably contribute to set up a

cascade of pathological events, leading to the development

of the PMS. In contrast, late relapses do not influence the

long-term outcome [161, 162], supporting the notion that

the disease evolution, after the early stage, becomes largely

independent of focal inflammatory mechanisms. This is in

keeping with lessons from alemtuzumab [163], where

effective immunosuppression in SPMS did not prevent the

accumulation of disability. In contrast, early intervention,

during RRMS, led to stabilization of disease activity.

These observations raised the concept of an early win-

dow of opportunity for treatments to exert their maximum

efficacy. Since current therapies address mainly the

inflammatory component of disease, introducing treatments

at a time when inflammation is most prominent would

appear the most sensible strategy. Positive results from

clinically isolated syndrome (CIS) trials, demonstrating

Fig. 2 Given the natural history of the disease (a) the use of early

effective treatment in RRMS has the potential to delay the onset of

SPMS (b). Treatment can act by both delaying the onset of clinical

progression and reducing the impact of the disease in terms of

disability by reducing the rate of progression (b). RRMS relapsing

remitting multiple sclerosis, MRI magnetic resonance imaging, SPMS

secondary progressive multiple sclerosis
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that early therapeutic intervention significantly reduces the

probability of converting to CDMS [164–168] and prevents

long-term disability accumulation [169, 170], further sup-

port the concept of early treatment initiation as a way of

delaying the onset and evolution of SPMS (Fig. 2).

Potentially treating RIS offers an extension of this

approach with yet earlier intervention possible. So far we

lack the evidence to support such an approach, although

trials are ongoing using drugs for RRMS [NCT02739542].

5.3 Conclusions

Treating SPMS remains a challenge but after many years

we are beginning to see progress in reducing its impact on

the lives of people with MS. This has arisen from advances

at many levels, knowledge of the natural history and the

underlying pathology of the disease, clearer understanding

of outcome performance and their limitations, together

with advancing trial design and new drug development.

Newer trials have had the benefit of these advances and this

has likely contributed to recent successes in phase II and III

SPMS and in phase III PPMS studies [6–9, 147] and there

is hope that a licensed pharmacological treatment for

SPMS will emerge.

A major issue of relevance for trials, but also in real life,

is separating disability accumulation from progressive

damage as opposed to the residual impact of a relapse. This

will have an impact in practice on how a treatment licensed

for PMS will be used by clinicians. Initial studies assumed

treatments having an effect on RRMS would translate into

an effect in SPMS; although this has not resulted in a

licensed therapy, this review has found that 13 of the 34

trials in SPMS/PMS have been successful. This does,

together with evidence from the underlying pathology, to

an extent justify the early use of a potential treatment for

progression in the relapsing phase. Though PPMS is not the

focus of this review, the similarity in the pathological

features and clinical course of SPMS and PPMS would

argue for a similar approach to both conditions. This is

supported now by the success in phase III trials of ocre-

lizumab in both RRMS and PPMS, and means that possibly

a unified approach to MS will be justified in the future.
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