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Abstract

Progressive multiple sclerosis is characterized by the gradual accrual of disability independent of
relapses and can occur with disease onset (primary progressive) or preceded by a relapsing disease
course (secondary progressive). An effective disease modifying treatment for progressive multiple
sclerosis has not been identified, and the results of clinical trials to date have been generally
disappointing. Ongoing advances in our understanding of pathogenesis, identification of novel
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targets for neuro-protection, and improved outcome measures have the potential to lead to
effective treatments for progressive multiple sclerosis. In this review lessons learned from
previous clinical trials and perspectives from current trials in progressive multiple sclerosis are
summarized. Promising clinical, imaging, and biological markers will also be reviewed, along
with novel clinical trial designs.

Introduction

Progressive forms of MS (PMS) are characterized clinically by the accumulation of
neurological disability, independent of relapses and may present as the initial disease course
(primary progressive [PPMS]) or more commonly following an initial relapsing phase of the
disease (secondary progressive [SPMS]).1 The pathologic process that drives the accrual of
disability in PMS is unknown but possibilities include continued compartmentalised
inflammation, mitochondrial dysfunction, and accelerated neurodegeneration, among
others.2 Significant progress has been made in the treatment of multiple sclerosis (MS) over
the last two decades with the introduction of effective therapies for the relapsing remitting
(RRMS) form of the disease.3 Unfortunately, similar success has not occurred for PPMS and
SPMS.4 While inflammation is well defined and treated in RRMS as focal inflammatory
lesions, the underlying pathology in PMS is less clear, making development of therapeutics
a significant challenge. This has been reflected in the trial results of anti-inflammatory
agents which has been disappointing to date. Additional barriers are the relative paucity of
sensitive outcome measures and fully validated biomarkers in PMS. Here we will review the
lessons learned from previous clinical trials, highlight current trials, examine
methodological aspects, and provide an overview of challenges in PMS trials. This section
assumes that the compounds chosen for testing have a priori a reasonable chance of success
from the mechanistic, bench top and phase 1 work as described in the accompanying paper
and concentrates on the architecture of trial design.

1 Completed and ongoing clinical trials

Phase 3 trials

In order to improve clinical trials in PMS it is necessary first to review those trials which
already have been completed. Using a comprehensive literature search (see panel 1) and
www.clinicaltrials.gov, Tables 1a and b list the previous major disability-driven trials which
have taken place in PMS over the last quarter of a century. These involve over 8500
subjects, with the majority (75%) being SPMS.5>~22 Different categories of agents have been
studied, including classical immunosupressants, beta-interferons, newer immunomodulators
and putative neuroprotectants. Despite a huge effort, the trial outcomes are essentially
negative (though some exceptions are described below). However, numerous important
lessons can be drawn from this experience to inform future efforts. Ongoing trials are listed
in Table 3. It can be seen that the Expanded Disability Status Scale (EDSS) scale has
dominated the field with the usual measure being time to progression/progression free
disability, though absolute mean EDSS difference, Multiple Sclerosis Functional Composite
(MSFC) and other summary measures are also recorded. A useful way to start the analysis is
to use elements from the CONSORT schema,?? since this is typically reported in modern
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trials. It is clear that most trials have employed immunomodulating or immunosuppressant
medications and the negative data to date would suggest that the focus of PMS trials should
shift to a primary neuroprotective stance.

Phase 2 trials

The phase 2 (proof of concept) to phase 3 (clinically definitive) paradigm is embedded in
medical trial practice. Phase 2 trials are carried out to determine toxicity, dose identification
and to give proof-of-concept encouragement to proceed to the longer and much more
expensive phase 3. Phase 2a and 2b trials in PMS historically have been variable as Table 2
illustrates, with a range of structures and subsequent decisions taken. Whilst easy in
retrospect, the decision not to pursue a phase 3 trial for alemtuzumab in PMS seems
appropriate from the phase 2 (no effect on atrophy measures),242% but the decision to
proceed seems questionable for MBP8298, where the large phase 3 trial (n=612) was based
on a post-hoc, HLA-stratified sub-group of 20 patients.26 Likewise with the p-interferons, no
pure SPMS cohort phase 2 trial took place, the decision to move to phase 3 largely driven by
extrapolation from the successful RRMS experience. The nature of the primary phase 2
outcome is open to debate, with no measure fully validated. To some extent it depends on
the question being asked. Considering stem cell treatment/transplantation, the phase 2a
mesenchymal stem cells in multiple sclerosis study (MSCIMS) study focused on questions
relating to the anterior visual pathway with an appropriate battery of measures being used?’.
In contrast, a recent systematic review (n=161, 8 case-series, RCT not performed) of
haematopoietic transplantation used the traditional metric of EDSS progression-free
survival.28 Examining the effect of therapies on whole or partial brain volume appears
promising, as illustrated by the 43% reduction in atrophy rate seen in the MS-STAT trial,
but must be concluded by a definitive phase 3 trial, with the relevant clinical primary
outcome.2? Phase 2 trials can be useful for other (unexpected) reasons and an example
would be the phenomenon of pseudo-atrophy in the lamotrigine trial, which has informed
subsequent atrophy based trial design.39 Sometimes, a safety signal will remain hidden until
the later stages of trials, as exemplified by the linomide experience 15 years ago.3!

Previously, phase 2 trials tended to be small and often utilized mixed populations, with
PPMS and SPMS sometimes being amalgamated as ‘Progressive’, as seen for example in
cladribinel1:32 and plasma exchange trials.3334 Sometimes the progressive group has been
the minority in are lapsing-remitting trial cohort, such as the ibudilast (7%)3® and anti-CD4
trials (<50%).38 A large number of small phase 2a studies have occurred where drugs have
been repositioned from other fields (eg amiloride, 37 recombinant human erythropoietin38)
and a systematic approach to harnessing such information may improve opportunities for
drug repurposing.

In summary appropriately targeted phase 2 trials have the potential both to identify therapies
most likely to succeed in phase 3 and also determine those with little chance of success.

2. Study Participants

At the core of any trial is the population under investigation. Does it reflect the target to be
treated? Firstly the diagnostic definition of SP/PPMS is by no means straightforward, as we
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discuss below. Indeed a recent study showed that whether a physician or EDSS criteria was
applied could alter the onset of SPMS by about 5 years.3® Table 1 shows patient ages (30-50
years), MS duration (10-15 years), SP/PPMS duration (5 and 10 years). Those cohorts with
a younger age and/or lower SPMS duration may represent more of a transitional group
(early stage with more inflammation). The required minimum duration of clinical
progression before trial entry has ranged from 6—18 months. In some trials, the need for an
observed EDSS step was mandated for entry with generally, the allowed entry EDSS range
has been between 3.0-7.0 (mean actual range of 2.5-6.0). A final point relates to the
potential confounding of intercurrent relapses. It has been suggested that the observed effect
seen in the European SPMS trial was due to an effect on relapse rather than pure disability.®
This hypothesis may also explain the lack of benefit observed in the North American SPMS
trial which had a lower pre-trial and in-trial annualised relapse rate (ARR).12 The MIMS
trial entry ARR was higher at 1.33, with the in-trial rates being 0.35 (active high dose) and
1.02 (placebo).1* This could be compared to the MAESTRO trial entry rate of 0.09.40 A low
entry ARR and/or little change in-trial, again would add weight to disability being driven by
progression rather than relapse reduction. In the OLYMPUS trial, whilst no overall effect
was seen, the inflammatory sub-group with GdE lesions at baseline were observed to
benefit.20

Following on from the pre-trial progression rate, is the expected and actual in-trial
proportion with progression. This is a vital parameter, from which the power of the trial is
derived. Most trials postulate an effect size of 30-50% with powers of 80-90%. Crucial is
the behavior of the placebo arm in terms of expected and actual progression, if this group
does not progress as anticipated, the power of the trial is reduced. In SPMS, common
projections are 30—45% with progression over 2-years and 35-65% with progression over 3-
years. In the CUPID trial (figure 1),22 a pre-trial progression rate of 70% was anticipated,
but the actual rate was 60%; the NASG trial estimated 50%, but had an actual rate of 35%.41
The PROMISE trial in PPMS was terminated early due to lack of progression.19 Mean
change in EDSS is generally not used as the primary outcome because of the ordinal nature
of the scale, though estimates of power based on mean EDSS have been used, for example
in the cyclosporine trial where detection of a mean EDSS difference of 0.5 was used against
placebo.b Alternatively MSFC changes were used in IMPACT which may have a stronger
statistical grounding.13 Additionally, some studies have mixed PMS with other ‘progressive
relapsing or chronic progressive forms’ (eg in CCMSGG it was 50%,’ in British and Dutch
Azathioprine it was 20%°). Whilst those terminologies are no longer used, and are being
actively evolved,! there are proponents on both sides for the pure or mixed PP/SP approach.

The allowance for SPMS cohorts to use concurrent anti-inflammatory DMT depends in part
on location (anti-inflammatory therapies are typically not reimbursed for PMS patients
outside of the US), and in part due to regulatory preference. Patients entered into SPMS
trials tend to be off immuno-suppressants for =6 months and off corticosteroids for =1
month.
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The diagnosis of PMS is a clinical judgment, without a gold standard diagnostic test. When
evaluating an individual patient, differentiating PMS from other gradually progressive
neurological disorders is not always straightforward,*? and there is growing consensus that
relapsing and PMS are not distinct entities.> The progressive part of MS probably starts
during the acute inflammatory stage and accordingly, the distinction of RRMS versus SPMS
for enrollment into clinical trials is artificially binary. Moreover, differentiating PPMS from
SPMS relies upon patient memory (which may be flawed) of typical demyelinating
episodes, which makes for a weak diagnostic classification. Recently, there has been a shift
away from these strict sub-type classifications and instead replacing them with two main
classifications: the presence or absence of acute inflammation (i.e. relapses or active lesions
on MRI), and the presence or absence of gradual progression.!

MS Co-morbidities

An underlying assumption of previous MS therapeutic studies is that all disease activity (i.e.
relapses, lesions on MRI, and disability progression) is a product of MS alone. More recent
studies have identified other factors that can impact MS disease measures. Several medical
conditions can influence progression of MS, including smoking, obesity, mental, and
physical disabilities.*3 Although smoking has long been identified as a risk factor for
developing MS, only more recently has it been identified as a modifier of disease course.*4
Vitamin D has also been identified as possibly modifying disease course, and even response
to an anti-inflammatory therapy.4> PMS typically affects patients in the sixth decade or later,
where aging and co-morbidities typical of aging can confound clinical measures. Brain
atrophy is used in Phase 2 PMS trials, yet brain atrophy is typical in healthy aging adults.
Co-morbidities add complexity to the study of PMS by confounding the measures of
disease, directly impacting the disease course, and potentially modifying the response to a
therapeutic intervention. Such data should be collected and included as potential covariates
in analysis plans.

3 Trial design

More refined trial design is a necessary step for the development of successful PMS
therapies. In this section we will review potential barriers, appropriate intervention selection
and novel clinical trial methods. Virtually all of the trials listed in table 1 are classical head-
to-head, placebo-controlled trials, mostly using a 1:1 randomization ratio, with some
exceptions.1419.22 Alternatives to 1:1 randomisation is a difficult balance between statistical
complexity and the unmet demand for patient recruitment in the face of a deteriorating
disease. As we discuss below, perhaps there should be more scope in the future for multi-
arm or adaptive trial designs. Trial duration is also of interest. A significant difference in
confirmed (3 or 6 month) EDSS progression, over placebo, will be more likely to be
observed in phase 3 trials with longer durations (say 36 months). It is not impossible that
some of agents already tested have small significant effects, but perhaps up to 5 years may
be required to demonstrate it in trial.
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Interventions

Table 1 lists the compounds previously used, with a third being p-interferon trials, hoping to
replicate the success of these drugs in RRMS. Whilst some short-term effects on 3 month
confirmed disability and relapse rate were seen, the overall impact 6 month sustained
progression was neutral (figure 2).46

All the major classical immunosuppressive drugs have been tried, involving over 1000
people. On occasion there has been some signal of effect, though for example complicated
by a mixed (relapsing) cohort such as with mitoxantrone.14 The details of the largest
azathioprine trial (n=354) is given in the table, where only about a third of the cohort had
PMS.> Three smaller studies with azathioprine have included patients with PMS (n=186),
although the final conclusion regarding an effect on progression is unclear.4’ Likewise
smaller trials of cyclophosphamide have taken place with a similar lack of effect on
progression.48

More novel recent approaches with the use of gamma-globulin, myelin basic protein and
synthetic cannabinoids have not been successful.17:2240 The process and sequence of novel
target identification is described in the accompanying paper.

Drop-out rate

Over the spectrum of the SPMS trials, the retention has generally been good for primary
outcome, with 80-90% being typical. Perhaps not unexpectedly, drugs such as cyclosporine
have had relatively high rates of patients not completing the final trial follow-up. A high
discontinuation rate in the cyclosporine trial required the study to be re-designed in trial,
underlining the importance of feasibility testing.®

Novel clinical Trial Design

More efficient conduct of PMS trials has become a high priority. Adaptive clinical trial
design permits modifications during the conduct of the study with the goal of added
efficiency through testing more treatments in less time and with fewer subjects. However,
adaptive designs might raise particular ethical challenges, such as the increased complexity
of informed consent and patient burden.® Scientific issues such as maintaining investigator
blinding and selection of outcomes may be more arduous.>°

In adaptive randomization design the probability of treatment assignment can vary based
ongoing analysis of data. Biomarker-adaptive design may be useful to select populations
most likely to benefit from treatments, and to select the biomarkers likely to show an effect
during the conduct of a single clinical trial.>1 Multi-arm trials can be conducted using a
“drop the loser” design where treatment can be terminated early based on interim efficacy
analysis, thus minimizing exposure to a potentially inferior treatment and focusing resources
on potentially viable treatments.52 Adaptive group sequential design is a refinement of
traditional group sequential design with the ability to not only halt the trial but also change
outcomes, sample size and even the study hypothesis.>3 Seamless phase 2/3 studies are
adaptive designs that answer clinical development questions (Phase 2 and 3) in a single trial
and have potential application in PMS.5455 A first stage would include testing several
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potential therapeutics using biomarker outcomes, and a second stage would carry forward
the most promising therapy using clinical outcomes.

Clinical Trial Conduct

Future trials

Several international efforts are underway to accelerate development of MS therapies. The
Progressive MS Alliance is an international alliance of MS advocacy organizations
employing research strategies to connect partners across multiple scientific disciplines and
fund innovative and collaborative research worldwide.>® The MS Outcome Assessments
Consortium (MSOAC) is an academic-industry-regulator collaborative that aims to develop
and validate a more sensitive clinical measure of disease progression through pooling of
clinical trial data.>” This type of collaborative has proven effective in other diseases to
develop clinically sensitive measures for therapeutic studies. By involving regulators in the
development process, MSOAC can help ensure a regulatory-compliant tool at its conclusion.
The output of these efforts are hoped to accelerate the clinical trial process through more
efficient and effective Phase 2 and 3 trials.

Table 3 lists the phase 2 and 3 trials underway, with projected reporting timescales. It can be
seen that modern trial design has learnt a number of the lessons from the last 25 years:
greater trial size; new and hopefully more relevant phase 2 outcomes such as brain atrophy;
more realistic (generally) phase 3 trial durations; longer pre-trial progression entries (=24
months).

4. Outcome Measures

The development of therapeutics in RRMS has been accelerated by the use of effective
imaging outcomes in phase 2 and clinical outcomes in phase 3 studies.58 Unfortunately,
similar outcomes do not exist in PMS, particularly for Phase 2 studies. Several factors must
be considered when selecting an outcome measure: ideally it should be easily reproducible,
sensitive to change over a short period of time and be meaningful to patients or correlate
with meaningful outcomes over time. Advanced methods for clinical trial design should also
allow more efficient conduct of clinical trials, testing a larger number of agents over short
periods and selecting only those with the greatest likelihood of success.

Clinical Outcome Measures

Expanded Disability Status Scale (EDSS)—It was first developed by Kurtzke>® as a
scale to quantify disability in MS and is based on clinical examination findings and
functional status. The advantages are that it is generally accepted and understood by the
neurology and regulatory community, it spans several domains of neurological function, and
is grounded in symptoms relevant to patients.6% Conversely it is an ordinal scale, where
variable differences between contiguous scores make analysis difficult. Inter-rater variability
may be high, particularly in the ranges relevant to PMS trials.61-64 The EDSS relies heavily
on lower extremity function with cognition and upper extremity function having smaller
impacts.%9:66 Using the EDSS to measure progression of disability has inherent problems.
Several methods of calculating disability progression using EDSS have been utilized and
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time to worsening in EDSS (normally 0.5 or 1 point sustained for 3 or 6 months) is most
commonly used. However, patients tend to plateau at certain EDSS scores (i.e. 6.0) and may
remain there for a significant amount of time despite progressively worsening function. Due
to the unequal distribution between EDSS steps, a given change will be dependent not only
on actual progression but also on EDSS entry level.57 Although well-recognized scale for
neurologists, the EDSS is severely limited as an outcome measure for PMS trials.

Multiple Sclerosis Functional Composite (MSFC)—This was designed as a
quantitative multi-dimensional composite tool for the measurement of disability in MS
trials.58 The MSFC involves measurement of walking speed (Timed 25 foot walk), arm
function (9 Hole Peg Test), and cognition (Paced Serial Addition Test, or PASAT). Results
from the three domains are then transformed to Z-scores based on a reference population
and then averaged to form a composite score.59 The MSFC has advantages in being
objectively obtained, has good inter-rater reliability, and can be administered by a trained
technician.53:70 The MSFC has also been found to have good concurrent and predictive
validity with the EDSS,”1:72 patient reported outcomes,’1:73-7> and MRI measures.”6.77
Furthermore it has been used successfully, showing treatment effects, in clinical trials in RR
and PMS.75.78-80 However the MSFC has not been accepted as a primary outcome for MS
trials by regulatory agencies. A major concern is the use of Z-scores and the unknown
clinical meaning of a change in the Z-score on a patient’s function. Additionally, comparing
Z-scores across studies is difficult. The differential weighting of sub scores based on
different reference populations may also limit the sensitivity and reliability of the measure.81
Dichotomizing the MSFC using a cutoff of 15 or 20% change for the Timed 25-foot Walk
and 9- hole Peg test sustained for a 3 or 6 month time period82:83 has been used in trials,
however the optimal meaningful change interval is likely to vary across the spectrum of
disability. The use of a change score has also been advocated, although this measure may be
less sensitive than EDSS, especially in higher ranges of disability.5” Additional potential
limitations of the MSFC are the restriction to only three spheres of function and floor and
ceiling effects. Recent recommendations have called for the inclusion of low contrast letter
acuity to assess visual function.84:85 The PASAT has been criticized due to the impact of
practice effects as well as patient frustration. The Symbol Digit Modalities Test (SDMT) has
been suggested as a replacement (see below).85:86

Cognitive Outcomes

Despite the high burden of cognitive impairment in PMS,87 measurement of cognitive
deficits has not been adequate in clinical trials. Several quicker tests have been developed to
replace the gold standard of dedicated neuropsychological testing. The Brief Repeatable
Battery of Neurospychological Tests (BRBN)88 incorporates measurements of several
cognitive domains and includes the selective reminding test8, the spatial recall test, 9
PASAT,%1 SDMT92, Controlled Oral Word Association Test.%3 The BRBN requires training
and administration of the test may take as long as 90 minutes. The SDMT has emerged as
one of the most sensitive among several tests across cognitive batteries and its inclusion has
been proposed in the MSFC86:94 as well as a clinical trial outcome metric.%> SDMT can be
administered in less than 3 minutes, requires minimal training, is highly reproducible, and
correlates well with BRBN results.?6 An international effort for the use of a simplified
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cognitive battery for MS has been proposed and will be validated across several
languages.9”

Patient Reported Outcomes

Patient reported outcomes (PROSs) are becoming of increasing importance in PMS trials.
Several measures of health related quality of life have been used including the European
Quality of Life 5D, Short Form Health Survey (SF-36, -12, and-6 forms) and these have
been validated in relation to EDSS.%8 The most frequently used global MS PRO is the
Multiple Sclerosis Impact Scale 29,9 which has been correlated with clinical and imaging
metrics specifically in PMS.100 More specific PROs designed to capture fatigue, vision,
cognition, gait, sphincter function, and pain have been developed for MS. PROs may be
used as an anchor to validate MRI or clinical metrics. The increase use of PROs in PMS
trials will provide a rich data set for validation of new metrics and will help satisfy
regulator’s requirements that therapies demonstrate relevant benefit for patients.

Imaging Outcome Measures

Clinical measures are typically slow to change, often requiring a large number of patients
and long follow-up to show effects. Biomarkers that enable quick screening of compounds
in phase 2 PMS trials are needed. Sensitive imaging tools will decrease study duration and
the number of subjects needed.

Whole Brain Atrophy—~Quantification of brain atrophy has been extensively used in
trials of RRMS and atrophy is a logical outcome measure for phase 2 PMS trials. Since the
accumulation of disability in MS is thought to be related to ongoing neuroaxonal loss,101.102
atrophy may be a sensitive biomarker for clinical progression of the disease. Several
methods exist to quantify brain atrophy using highly automated approaches. Registration
based techniques include structural image evaluation using normalization of atrophy
(SIENA and BSl)and statistical parametric mapping (SPM). Segmentation based techniques
include brain parenchymal fraction (BPF) and SIENAX. Whole brain atrophy measures
have been validated with EDSS and the temporal evolution of brain atrophy has been well
established.103104 A comparison of sample size estimates for SPMS19° found that SIENA
was more robust than SEINAX and CCV, with 80% power to detect a 50% treatment effect
with as little as 27 patients per arm over 3 years with semi-annul MRI acquisitions. A 50%
effect size may be an overly optimistic goal for some therapies, and sample sizes for more
modest slowing of brain atrophy progression will be considerably larger. Many anti-
inflammatory MS therapies cause a loss of brain volume in the first year of treatment, which
is called pseudo-atrophy.39-106 Ajlthough its implication in PMS is not fully understood, the
possibility of pseudoatrophy should be considered when planning a PMS study, and the
timing of outcomes should be selected accordingly.

Grey Matter Atrophy—Extensive grey matter demyelination has been found in PMS and
the cortex is thought to be a primary site of neurodegeneration.197-110 Cortical atrophy has
been correlated both with disability and with cognitive function in cross-sectional and
longitudinal studies.110-112 Grey matter atrophy is better than white atrophy at predicting
clinical disability and thus is considered a good potential outcome for PMS trials.113
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Cerebral cortex thickness is an attractive cortical atrophy measure, having correlations with
disability independent of focal white matter lesions.114 Free surfer is the most widely
available automated tool for assessment of cortical thickness.115116 A significant limitation
is misclassification of lesional tissue as cortex. The use of lesion masks can help, although
this process requires manual input and is time consuming. Several promising semi-
automated longitudinal methods have been developed to measure cortical atrophy.117.118
Sample size estimates using cortical thickness showed sample sizes as small as 26 per arm to
detect a 50% effect size over three years.118

Advanced Brain MRI Techniques—Several newer outcomes have been considered in
PMS clinical trials. Techniques which measure brain tissue integrity may be more sensitive
than measures of volume change. Diffusion tensor imaging (DTI) estimates the three
dimensional diffusion of water in brain tissue and has been explored as an outcome in
MS.119.120 DT has the advantage of characterizing pathological correlates and specific
anatomic and functional tracts.121

Magnetization transfer ratio (MTR) MRI has been proposed as a marker of brain myelin
content including the cerebral cortex.122:123 Cortical and normal appearing grey matter
MTR correlates strongly with measures of disability such as the MSFC and can show
treatment effects.124.125

Identification of cortical lesions using high field magnets and special imaging sequences
such as double inversion recovery has opened the possibility for cortical lesions as potential
outcome metrics for PMS.126 However, only 10-20% of cortical lesions are detected even
with the most sensitive techniques.12’ A significant challenge with DTI, MTR, and cortical
lesions is multi-center implementation, although some progress has been made.128

Spinal Cord Imaging—The accrual of disability in PMS is in part related to the
accumulation of injury and neurodegeneration in the spinal cord.12? Although previously
ignored, the spinal cord may play a growing role in PMS trials. Advanced spinal cord
imaging modalities including DTI and MTR may also be useful, although standardized
implementation in a multi-center trial is still challenging.130.131

Optical Coherence Tomography (OCT)—This is a noninvasive, quantitative, and low
cost imaging technique which provides high resolution images of the retina.132 In MS, OCT
has been used to quantify the retinal nerve fiber layer (RNFL) and ganglion cell layer
(GCL). The RNFL is correlated with MS visual function, pathology, brain atrophy, and
overall disability.133.134 GCL also correlates with EDSS.13% Macular volume has also been
proposed as a measure of neuronal loss.13¢ Progressive thinning of the RNFL has been
observed despite lack of inflammatory episodes, making this measure a compelling model
for neurodegeneration.137

5. Cerebrospinal Fluid Biomarkers

The search for biomarkers in MS has been a challenging and at times a disappointing
endeavour. The case is no different for PMS where the challenge is to find cerebrospinal
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fluid (CSF) biomarkers which reflect the ongoing neurodegenerative process and then to
validate these biomarkers along with clinical as well as MRI data.138 Clinical trials represent
an ideal setting for validating a CSF biomarker, and a push to incorporate CSF testing and
banking in all PMS studies is an ongoing priority.

Axonal biomarkers

Among CSF measures of axonal origin, neurofilament (Nf) chains have received significant
attention as potential measures of axonal injury. Heavy (NfH) and Light chain (NfL)
neurofilament reflect ongoing tissue destruction associated with gadolinium enhancing
lesions in RRMS.139 NfL measurements have been found to be elevated in PMS,140
correlate with EDSS scores, 141 and an ELISA based technique for measuring NfL has been
developed and validated.142 NfL levels also have shown sensitivity to treatment effects in
RRMS.142.143 NfL s currently being used in several PMS trials in Europel44 and the United
States 14° and correlations with detailed clinical and MRI data will be available. Tubulin and
actin are also axonal markers which correlate with EDSS and may represent viable future
biomarkers for PMS.146

Glial/astrocyte biomarkers

Glial fibrilary acidic protein (GFAP) is elevated in SPMS and correlates with EDSS.147
GFAP increases over time in SPMS and is predictive of future disability,148 making GFAP
an attractive biomarker outcome for trials in PMS. S100B is a marker of astrocytic
activation and, in addition to GFAP, is increased in the grey matter of post-mortem MS
subjects.147

6. Lessons Learnt and Conclusions

The identification of effective therapies for PMS continues as the major unmet need in MS
therapeutics. The tables illustrate the failure of classical immunosuppressants and anti-
relapse disease-modifying treatments; it is clear that new molecules and targets are needed
with high prior chances of success. In parallel to maximize the return, a more refined and
efficient approach to testing them is vital. From the trials conducted to date and from
observational studies a number of lessons can be drawn out and applied to future PMS trials
(panel 2). Interventions should be selected that have shown evidence in bench top models of
the disease and known pathways, though of course this is constrained by the lack optimal
animal models of PMS.149 These therapies should be further selected based on an adequate
risk benefit profile drawing from phase 1 studies. Repurposing of drugs should be
considered. Phase 3 studies in PMS should be carried out after phase 2 trials have shown
clear evidence of proof of concept. Novel imaging methods should be employed not only to
understand if an intervention is working, but how it has an effect on the brain or spinal cord.
This should be supplemented by other modalities such as CSF analysis. Subjects for PMS
trials should be selected to ensure they are actively progressing and have minimal
inflammatory activity. It would seem appropriate that SPMS patient may continue standard
disease modifying agent according to local practice if these are already in use prior to the
study, but concurrent immunosuppressants should be avoided. Phase 3 trials should have a
duration of at least 36 months alongside a realistic calculation of the proportion of placebo
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patients who will progress. Studies should be designed to detect differences in 6 month
confirmed progression of the primary outcome as minimum. Clinical measures apart from
the EDSS are needed urgently, including cognitive testing and patient reported outcomes.
Innovative (adaptive/multi-arm) trial designs which minimize the number and time of
patient exposure to futile therapies should be encouraged.150

As many compounds enter the clinical trial arena, (table 3 lists nearly 20 studies involving
6000 subjects in the next 5 years alone) and our understanding of the disease improves, the
prospects of finding true disease modification in PMS are higher than ever.
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