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table s9 – All reported adverse events (including those not related to the treatment).

Adverse event Fampridine 
number of subjects with the ae  
(% of total number of subjects)

Placebo 
number of subjects with the ae  
(% of total number of subjects)

Dizziness 14 (61%)

Fatigue 3 (13%) 5 (22%)

(Resting) tremor 2 (9%)

Headache 2 (9%) 2 (9%)

Hyperhidrosis 2 (9%)

Asthenia 1 (4%)

Back pain 1 (4%)

Chest discomfort 1 (4%)

Diarrhoea 1 (4%)

Nausea 1 (4%)

Paraesthesia 1 (4%)

Restless legs syndrome 1 (4%)

Somnolence 1 (4%) 1 (4%)

Visual impairment 1 (4%)

Nasopharyngitis 1 (4%)

figure s10 – Fampridine concentrations (ng/mL) over time for a single 20mg dose (upper line) or a twice-daily  
10mg dose at steady-state (lower line), predicted using the pharmacokinetic parameters from Weir et al (Curr Med  
Res Opin. 2013).
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This thesis describes six clinical studies: two studies that investigate new compounds to 
treat symptoms of multiple sclerosis (ms) (chapters 2 and 3), one study that investigates a 
new compound to treat ms (chapter 4) and three studies about the development of new 
methods to determine effects of a new class of compounds to treat ms (chapters 5, 6 and 
7). When reflecting on the results of the studies, two major issues stand out: First, despite 
the range of treatments available (chapter 1), research into novel compounds is needed 
to improve the treatment and prognosis of patient with ms. Second, although we show it 
is feasible to integrate biomarker development into early phase clinical trials, it is not yet 
common practice. 

main outcomes
Chapter 1 starts with a brief description of the disease multiple sclerosis (ms): the most 
common autoimmune disorder of the central nervous system, and primarily an inflam-
matory disorder of the brain and spinal cord in which focal lymphocytic infiltration leads 
to damage of myelin (demyelination) and axons. In the introduction, we divide current 
treatment of ms into disease-modifying treatments (dmds) and symptomatic treatments. 
We indicate that – despite its increasing efficacy and discovery of these compounds over 
the years – most registered dmds are associated with a high disease burden due to side ef-
fects. For that reason, there is still a need for an effective treatment to halt the progression 
of disability by developing remyelinating and neuroprotective therapies. As the current 
frequently used biomarkers in ms diagnosis and treatment management are not yet ca-
pable of accurately measuring treatment effects of this group of compounds, trials with 
potential neuroreparative or neuroregenerative agents will need improved and appropri-
ate biomarkers. 

Chapter 2 describes a study to evaluate the efficacy of a novel oral formulation of Δ9-
thc (ecp002a) in patients with progressive ms. Δ9-thc is one of the cannabinoids in the 
Cannabis sativa plant and a direct partial agonist of the cannabinoid receptors cb1 and 
cb2. Cannabinoids have previously shown to improve symptoms of ms including muscle 
spasticity and pain through the modulation of neuronal excitability via presynaptic can-
nabinoid receptors. The study described in chapter 2 was a proof-of-concept study with 
two phases: a crossover challenge (‘dose-finding’) phase and a 4-week parallel random-
ized, placebo-controlled treatment phase. Twenty-four patients with progressive ms and 
moderate spasticity were enrolled. Pain and spasticity were significantly reduced when 
measured directly after administration of ecp002a in the clinic, but not when measured 
in a daily diary. Nevertheless, despite the complex interplay of psycho-active effects and 
analgesia, the current oral formulation of Δ9-thc may play a role in the treatment of spas-
ticity and pain associated with ms, as it was well-tolerated and showed a stable pharmaco-
kinetic profile. Additionally, this study specifically underlined the potential added value 
of thorough investigation of pk /pd relationships in the target population.
In the study reported in chapter 3 we tested a new formulation of methylprednisolone 
(mp), which is commonly used for the treatment of ms relapses. Both dose and dosing 
frequency might be reduced by incorporating free mp in glutathione (gsh) pegylated 

liposomes, creating a slow-release formulation with reduced toxicity and prolonged effica-
cy. This first-in-human study was designed to assess the safety, pharmacokinetics (pk) and 
pharmacodynamics (pd) of gsh-pegylated liposomes containing mp (2b3-201). 2b3-201 
led to a high occurrence of infusion related reactions (89%), but was otherwise considered 
safe, with no clinically relevant changes in (cns) safety parameters and no serious adverse 
events. 2b3-201 was shown to have a long plasma half-life between 24 and 37 hours and 
led to prolonged immunosuppressive effects.

Chapter 4 reports a first-in-human single ascending dose study (sad), followed by a 
21-days multiple ascending dose (mad) study, performed to assess the safety and pk of 
cnm-au8. cnm-au8 is a solution of clean-surface gold nanocrystals and being developed 
for its potentially immunomodulating and remyelinative effects, while leading to fewer 
side effects than registered gold-containing compounds. In vitro inflammatory challenge 
experiments were initiated to investigate possible pd effects. cnm-au8 showed a good 
safety profile, which appeared to be more favorable than existing gold formulations, with 
the most frequently reported adverse event related to cnm-au8 being abdominal pain 
(20%) cnm-au8 had a plasma half-life between 11.5 to 26.2 days, and a first dose tmax 
between 3.3 and 3.5 hours. The low concentrations and unusual pharmacokinetic profile 
corresponded to the reported data on gold nanoparticles. No anti-inflammatory effects of 
cnm-au8 were observed in the in vitro challenge, and therefore no ex vivo pd measure-
ments were implemented in the clinical study. Next studies should determine whether 
cnm-au8 possesses anti-inflammatory effects and remyelinating effects. 

Therapeutics promoting myelin synthesis may enhance recovery in demyelinating dis-
eases such as ms. However, no suitable method exists to quantify myelination. The turn-
over of β-galactosylceramide (β-galc, a myelin component) is indicative of myelination 
in mice, but its turnover has not been determined in humans. 

Chapter 5 describes a study in which six healthy subjects consumed 120 mL 70% dMo 
daily for 70 days to label β-galc. We subsequently used mass spectrometry and compart-
mental modeling to quantify the turnover rate of β-galc in cerebrospinal f luid. Maxi-
mum deuterium enrichment of body water ranged from 1.5 to 3.9%, while that of β-galc 
was much lower: 0.05–0.14%. This suggested a slow turnover rate, which was confirmed by 
the model-estimated β-galc turnover rate of 0.00168 day-B, corresponding with a half-life 
of 413 days. Based on the results, we suggested that additional studies in patients with ms 
are needed to investigate whether β-galc turnover could be used as an outcome measure 
in clinical trials with remyelination therapies. 

Chapter 6 describes the follow-up study wherein we labeled myelin with deuterium 
in 5 ms patients, and besides β-galc also modeled the myelin breakdown product n-
Octadecanoyl-sulfatide (no -Sulf). The turnover rate constants of β-galc and no -Sulf with 
non-negligible turnover were 0.00186 and 0.00714 day-B in ms patients, corresponding 
with a turnover half-life of 373 days and 96.5 days, respectively. The effect of ms on the 
no -Sulf (49.4% lower fraction) was more pronounced compared to the effect on β-galc 
turnover (18.3% lower fraction). The kinetics of myelin breakdown products in the csf 
were different in patients with ms compared with healthy subjects. This could be caused 
by slower myelin production in these patients, a higher level of degradation of a more 
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stable component of myelin, or, most likely, by a combination of these two processes. Deu-
terium labelling in combination with lumbar punctures would be a useful method for the 
quantification of metabolic processes of the central nervous system and myelin turnover 
in patients with progressive ms and can therefore be used in proof of concept studies with 
remyelination therapies.

Chapter 7 reports a randomized, double-blind, placebo-controlled, cross-over trial with 
fampridine in patients with ms and internuclear ophthalmoparesis (ino). We examined 
if the velocity of saccadic eye movements in ino improved with fampridine treatment 
in patients with ms. Main outcome measures were the change of peak velocity versional 
dysconjugacy index (pv-vdi) and first-pass amplitude vdi (fpa-vdi). Fampridine sig-
nificantly reduced both pv-vdi (-17.4%, 95% CI: -22.4%, -12.1%; p<0.0001) and fpa-vdi 
(-12.5%, 95% CI: -18.9%, -5.5%; p<0.01) and therefore clearly improves saccadic eye move-
ments due to ino in ms patients. According to the results of this study, treatment response 
to fampridine may be used in patient selection for enrolment in studies of compounds 
enhancing remyelination in ms using the velocity of saccadic eye movements as a primary 
outcome measure.

early implementation of biomarkers in 
clinical studies
When a new compound is tested in humans for the first time (First-in-Human studies, or 
fih-studies), traditional study objectives concern the exploration of safety, tolerability and 
pharmacokinetics. This commonly used phased approach can accordingly support deci-
sions to continue or discontinue with a new compound (go /no-go decision) and to plan 
dosage and dosage schedulesB. Despite this phased approach, there is no reason to exclude 
the additional evaluation of the mechanism of action or efficacy of the compound in fih 
studiesC.This might save time, costs and it could support decisions in early stage of the 
development. 

Saving costs and time during the developmental pipeline of new compounds is one of 
the largest challenges in early drug development. The current drug development time is 
over ten yearsD. Only one out of ten drug development projects make it all the way from 
fih until approval, and this is even lower for neurological compounds, according to the 
industry lobby group bioE. During drug development studies in large patient popula-
tions are often unsuccessful due to the their inability to proof efficacy, as was shown by a 
study in four large pharmaceutical companiesF. This report also showed that development 
programs that include a biomarker have increased chances of success. There is reason to 
believe that early implementation of biomarkers in clinical studies might shorten drug 
development timelines, Therefore, the early implementation of biomarkers in clinical 
studies is highly welcomed.

how to integrate biomarkers in early 
clinical trials
There are several ways to integrate biomarkers in early clinical trials. This thesis shows 
examples of how to successfully plan and combine biomarker development with fih-
studies. In order to select appropriate biomarkers for a clinical development program, 
one should use knowledge of the pharmacology of the compound and the target patient 
population, and biomarkers should be fit-for-purpose, and capable of showing essential 
drug properties and effectsG. The chapters of this thesis include studies that illustrate dif-
ferent ways of integrating biomarkers into early clinical trials: 
1	 a biomarker study prior to a fih study, 
2	 a combination of a biomarker and fih study, and 
3	 a biomarker study performed after a fih study. 

A biomarker study prior to a fih study

The studies performed to measure myelin kinetics (chapters 5 and 6) describe biomark-
er studies that were initiated before the start of a fih study. We used animal data and 
literature to design a study aiming for the measurement of deuterium-labeled myelin 
breakdown products. The first part of this biomarker study was performed in healthy 
volunteers, as we were unconfident whether this biomarker would be measurable in hu-
mans. Including a cohort of healthy volunteers would enable us to observe how subjects 
adhered to the study protocol, e.g. drinking heavy water daily for a long period and 4 lum-
bar punctures within 6 months. Additionally, it would enable us to calculate kinetics of 
myelin breakdown products in healthy volunteers and to use this information for the de-
velopment of future biomarker studiesH. As this first study in healthy volunteers showed 
positive results, and the confirmation that myelin breakdown products were a measurable 
biomarker, a similar study with the same design in patients with ms was initiatedI.

The testing of a biomarker in a study before the start of a fih study has several advan-
tages. It can be seen as proof-of-mechanism testing, before the fih study has even started. 
In phase 1b or 2 studies, biomarkers can be useful to support clinical endpointsJ. Biomark-
ers can be specifically present in the target patient group, for example ms patients with 
an internuclear ophthalmoplegia (ino)BA?BB, but can also be tested by the NeuroCart in 
healthy volunteers (chapter 2)BC. Performing a biomarker study in patients prior to a 
fih study allows us to have a subsequent patient cohort, but also investigational staff al-
ready in place for a phase 1 or 2 follow-up study. This can decrease timelines, while patient 
studies are generally more time (and therefore cost) consuming when it comes to the re-
cruitment of patients and staff. Finally, biomarker studies provide novel insights into the 
(background of) diseases and pharmacological processes and therefore is a relevant field 
wherein scientists from industry and academia can interact. 

Chapter 7 illustrates how biomarker studies provide novel insights in the clinical phar-
macology of diseases. We developed a biomarker that uses a pharmaceutical compound 
(fampridine) to show possible improvement in horizontal eye movements of patients 
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with ms and an ino (chapter 7). Fampridine is a potassium channel blocker that im-
proves nerve conduction, and thereby function of demyelinated nerve fibers. It does not 
improve eye movements if demyelination of the medial longitudinal fasciculus (mlf) is 
absent. The fact that fampridine improved eye movements in these patients meant that 
the mlf was demyelinated, but also that axonal degeneration had not occurred yet. This 
population therefore appeared to be very useful to demonstrate effects of new compounds 
that are expected to accelerate (or improve) remyelination (chapter 7). For this reason, a 
subsequent study in healthy volunteers was not considered as ino is only present in a pa-
tient population. Because of the short half-life of fampridine, we chose a cross-over design 
to limit the duration of the study for patients (3-6 weeks). An additional advantage of this 
study design was that it yielded a database of ino patients who can be contacted as soon 
as this biomarker will be used in a study with a remyelinating compound. This study also 
added information about the efficacy of the compound used. Fampridine is not indicated 
for treatment of an ino yet, but this study showed that it might be worthwhile exploring 
fampridine as a treatment option for these patients. And if an ino patient would like to be 
treated with fampridine, an acute fampridine challenge (as described in chapter 7) could 
show if the patient is likely to respond to the treatment. Furthermore, the ino severity can 
be tracked with the same eye-tracking method to monitor long-term treatment response.

Prior to the fih study with cnm-au8 (chapter 4) we performed a small biomarker 
study. This was an in vitro study that was designed to show possible inflammatory effects 
of the compound that was being tested (gold nano-particles)BD?BE. Results of this in vitro 
biomarker study did not demonstrate inflammatory effects of gold nanoparticles. How-
ever, the specific inflammatory assay was based on previously reported animal studiesBE. 
One could speculate whether the use of other in vitro assays would have led to more 
insight into the role of gold in the immune system. In this specific example, the negative 
results from the biomarker study were a valid reason to not include the biomarker assay 
in the subsequent phase 1 clinical trial. Planning a biomarker study before start of the 
phase 1 clinical study did require higher initial costs, but eventually prevented the use of 
an unsuitable biomarker in the following phase 1 trials.

A combination of a biomarker and fih study

The use of biomarkers in a fih study has several advantages. Treatment effects in such 
a combined study can easily be compared to the placebo arm, corrected for individual 
baseline levels. In chapter 3 such a fih study is described, wherein liposomal methyl-
prednisolone was studied, and both blood biomarkers and cognitive testing were tested 
in the first three cohorts of healthy volunteers. In the subsequent three cohorts of the 
study, we decided to only measure the ‘fit-for-purpose’ biomarkers showing a clear effect. 
It should be noted that in this specific study the pharmacodynamics (pd) of the active part 
of the compound (methylprednisolone) had already been reported in previous studies: 
inhibition of the hypothalamic-pituitary-adrenal (hpa) axisBF, glucose homeostasis distur-
bances, and depletion of osteocalcinBG?BH and lymphocytesBI.

A proof-of-pharmacology study can be performed in healthy volunteers if the new com-
pound affects the biomarker in healthy persons. If this is not feasible, it is a good option 
to do a fih study in a patient population. A healthy volunteer study can generally be 
performed on a shorter term and is cheaper than a patient study, which is beneficial for 
planning purposes, i.e. early availability of safety and pharmacokinetic (pk) data allows 
for the timely adjustment of the development program. Nevertheless, pk and safety data 
can be different in patients and healthy subjects, which might cause modification of the 
existing drug development plan. Additionally, recruitment and enrollment of a specific 
patient population in this early stage can lead to increased awareness of patients as well as 
study sites, which can lead to a time and cost-effective planning of phase 2 studies. It should 
be noted though that patients in these studies are often less representative for the eventual 
target patient population: patients in such a study are usually less severely affected.

A biomarker study after a fih study.

Although the regulatory agencies encourage the use of efficacy parameters in early stage 
drug developmentB, it does have many advantages to wait for the first fih-results. First of 
all, there will be more information available on safety, tolerability and the pharmacoki-
netic profile of the compound. Reported pk parameters of the compound be supportive 
when tracking and implementing the ‘fit-for-purpose’ biomarker in the most efficient way.

The phase 2 study with an oral formulation of Δ9-tetrahydrocannabinol described in 
chapter 2 has an interesting design, being a hybrid between a typical multiple-dose study 
to investigate safety profiles, pk and pd parameters, and a fih study to establish proof-
of-pharmacologyBJ. The study consisted of a challenge phase and treatment phase, and 
involved a variety of biomarkers: the objective measurement of spasticity (h/m ratio)CA?CB,  
postural instability, visual perception test, attention test and working-memory test. The 
challenge phase in the study design proved to be an elegant way to investigate individual 
pk and safety profiles, before continuing to the treatment phase, in which patients re-
ceived the compound three times a day for four weeks.The cross-over design of this part 
of the study intended to support the interpretation of the different biomarkers tested, 
thereby reducing the risk of bias. The starting dose in the treatment phase was adjusted to 
the individual patient, ref lecting clinical practice better than in other studies.

the integration of biomarkers in the 
development of treatments in ms 
This discussion summarizes the three approaches of how to integrate biomarker studies 
into early-phase clinical studies and its pros and cons. The studies performed and described 
in this thesis illustrate how these approaches can accordingly lead to a time and cost-effi-
cient process of drug development. Looking back on the wide range of studies already per-
formed to evaluate potential future treatments of ms, this knowledge allows us to ref lect 
on the methodology used and the degree of biomarker integration in these studies. 
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The first clinical study with opicinumab (reported in 2014) consisted of two parts: single-
dose administration in healthy volunteers and multiple dosing in participants with ms 
(both rrms and spms). Although the main focus was safety, efficacy and pharmacokinet-
ics, the study did contain exploratory efficacy markers: imaging biomarkers Magnetiza-
tion Transfer Ratio (mtr) and Diffusion Tensor Imaging (dti) of pre-existing lesions and 
non-lesional normal-appearing white matter (nawm)CC. These did not reveal any clear 
treatment effects, which may have been due to the small sample size (46 participants with 
ms). The addition of a patient cohort in this stage of development gave opportunities for 
the addition of proof-of-concept measurements. Chapters 5, 6 and 7 describe methods 
that could have been of interest in a clinical study with a new, potentially remyelinating 
compound. Especially the method described in chapter 7, where we used video-oculogra-
phy in 23 ms patients with an ino, showed significant results. This method will most likely 
not need a large cohort to show (significant) difference between treatment and placebo. 

There was a second phase 1 study with opicinumab that evaluated whether the anti-
lingo -1 antibody had immunomodulatory effectsCD. Although this is worth evaluating in 
an auto-immune disease, the reason for this second phase 1 study was not clearly reported. 
And this did raise the question why to invest in a study evaluating immunomodulatory 
effects and not in a proof-of-concept study, or in the development of additional methods to 
measure possible remyelination? The first attempt to measure the efficacy of opicinumab 
was in a phase 2 study, wherein Visual Evoked Potential (vep) latency was used as a mea-
sure of remyelination. vep has shown to be a measure of remyelination in optic neuritis 
in a rat modelCE. It inferred remyelination and proved to be a practical but is an indirect 
measurement of remyelinationCF?CG. 

The phase 1 fih study with rhigm22 was performed in patients with ms (72 in total) 
and included biomarkers comparable to the myelin turnover method described in chap-
ters 5 and 6. In this study, 21 patients received 100 mL heavy water (70% dMo) daily for two 
periods: during two weeks prior to dosing (2 different doses and placebo) and between 
days 15 and 29. Fractional synthesis rates of specific myelin biomarkers were determined 
by mass spectroscopic methods from blood and csfCH. It is unclear why the researchers 
chose to give 100 mL daily in two separate periods of 14 days. Our labelling protocol, de-
scribed in Chapter 5 of this thesis, was based on animal data and the maximum amount of 
heavy water safely tested in previous clinical studies (120 mL, 10 weeks). Interim analyses 
allowed us to adapt the sampling period. Data in chapters 5 and 6 of this thesis showed 
that labelling of myelin breakdown products was limited after 5 weeks of 120 mL daily 
heavy water administration. According to our analyses, the amount of dMo and period 
of exposure used in the rhigm22 study was probably too short to show difference in 
labelling. We also found that turnover of octadecanoyl-sulfatide is a useful biomarker. 
This molecule has not been reported as a useful biomarker to measure myelin turnover, 
and therefore not yet being used in studies like the phase 1 study with rhigm22. Our 
data was not published at the time the researchers designed the study. However, the lim-
ited literature on human myelin turnover suggest that the turnover is multiple weeks to 
monthsCI?CJ. This information did not support the decision to label for a limited time (2 

weeks in the rhigm22 study). Since the turnover is much longer, labelled myelin in the 
post-dose sample might be due to labelling in the pre-dose period. 

Olesoxime is already in development as a possible treatment agent for Amyotrophic 
Lateral Sclerosis (als)DA, Spinal Muscular Atrophy (sma)DB and Huntington’s diseaseDC 
years before a trial in ms patients was initiatedDD. This means that fih studies were already 
performed before olesoxime was explored as potential treatment for ms. Development 
of the compound was halted for als and sma in a late phase: only after negative phase 3 
results for als and after negative phase 2 results for sma. Results from the study in ms pa-
tients have not been published yet. However, we know that the study enrolled 44 patients 
and aimed to measure potential remyelination with imaging biomarkers (secondary end-
point). The mri scans were performed at baseline and after 12 and 24 weeks. Literature 
shows that a treatment response can only be observable between three to six months after 
the start of treatment and that a second mri between six and twelve months is advisableDE. 
Lack of a response or trend based on mri data can therefore be due to this shorter period, 
especially since the use of quantitative mri measures for the measurement of remyelin-
ation still limited in a lengthy process like the demyelination and remyelination of a ms 
lesionDF?DG.

Amiloride is a licenced diuretic with a proven safety record. The first study to explore the 
neuroprotective effect of amiloride was an open-label pilot study in 14 patients with ppms, 
using mri markers of neurodegeneration as outcome measures of neuroprotectionDH. A 
significant reduction in normalized annual rate of whole-brain volume was observed dur-
ing the treatment phase compared with the pre-treatment phase. And although changes 
in whole-brain atrophy rate lack pathological specificity and are relatively indiscriminate 
with regard to effects of neuroaxonal and myelin loss on brain volume, the results suggest 
that amiloride may exert neuroprotective effects. 

Next, a randomised, double blind, placebo-controlled phase 2 trial in 46 patients with 
optic neuritis was set upDI. The main objectives of this study included biomarkers, like reti-
nal nerve fibre thickness, imaging biomarkers, visual function, visual electrophysiology 
and quality of life questionnaires. Participants in this study received five months of treat-
ment after optic neuritis, and biomarkers were measured at six and twelve months. Results 
could not show amiloride protected retinal nerve fibre layer thickness in optic neuritisDJ. 
One of the reasons the researchers reported is the possible lack of central nervous system 
(cns) penetration of amiloride. The question regarding cns penetration, however, could 
have already been answered in a healthy volunteer cohort with cerebrospinal f luid (csf) 
sampling, or else by including lumbar punctures in the phase 2 trial. 

Similar to amiloride, quetiapine is a registered drug, with psychosis as main treatment 
indication. Its potential neuroprotective and remyelinative properties have been well 
describedEA. Patients with ms are expected to benefit from quetiapine in multiple ways: 
besides possible remyelinative effects, quetiapine has shown to improve sleepEB and might 
improve painEC, both common problems in patients with ms. But because patients with 
ms may be more susceptible to aes due to the brain injury that accompanies the dis-
ease, a safety, tolerability and dosing study was advised in this novel patient population. 



measuring pharmacodynamics in early clinical drug studies in multiple sclerosis 127126 chapter viii – summary and general discussion

Thirty-six rrms patients were enrolled to find the appropriate dose for patients with msED. 
This study unfortunately did not include biomarkers. The researchers did include clini-
cal scales in the study, but these scales were no biomarkers related to remyelination. As 
quetiapine is expected to benefit patient in multiple ways, improvement in clinical scales 
is most likely due to multiple factors. 

In an earlier articleEA, the researchers advised to add imaging biomarkers to examine 
if quetiapine could promote remyelination. However, quetiapine has shown to have an 
effect on multiple systems in the body, including the immune systemEE. Improvement on 
mri might be due to remyelination, due to a less active immune system, or both. Ideally, a 
biomarker should measure the remyelinative effect more directly. From the two methods 
described in this thesis, the measurement of changes in turnover of myelin breakdown 
products (chapters 5 and 6) and of improvements in horizontal eye movements in ms 
patients with ino (chapter 7), the first method is most suitable as a biomarker in a clinical 
study which quetiapine. Although both methods are probably able to measure remyelin-
ating effects, the eye movements in ms patients with ino were sensitive to fatigue of the 
patient. Sleep improvement caused by quetiapine might improve these measurements, 
without even improving myelination.EB

Guanabenz is a registered antihypertensive drug. A phase 1 study with oral guanabenz 
in patients with ms was performedEF and supposedly has been completed, but no results 
have been reported yet. The main objective of the study was dose-finding: they planned 
to explore five different doses (28 days of treatment) in six patients with ms. The study 
design included mri scans, and (although it was not specifically described) this probably 
included imaging biomarkers for remyelination as well. 
It is not clear why they chose to use imaging biomarkers in a study with such a small 
sample size, and it follow the patients for a limited time period (3,5 months). Animal 
studies that tested guanabenz in the eae model in mice showed the first difference with 
placebo ten days after the start, and this continued until day 30EG. In chapter 6 we describe 
a slower myelin turnover than reported in rodentsCI, which makes the measurement of an 
effect after 28 days of treatment unlikely. A small sample size can be a challenge in a pilot 
study like the study mentioned above. A sensitive method, like the method described in 
chapter 7 (eye movements in ms patients with an ino), might be a suitable method. Such 
study could for example contain baseline measurements and monthly measurements. It 
does require a specific population, namely ms patients with an ino that responds to fam-
pridine. Recruitment of these patients in a mono-centre study is achievable: we were able 
to recruit 23 patients in 16 months. 

Lastly, we discuss the earlier-mentioned fih study with gold nanoparticles (chapter 4). 
A compound that could enhance remyelination and influence the immune system at 
the same time would be ideal in the treatment of ms: a disease that is characterized by an 
autoimmune response against myelin, and possibly inefficient remyelinationEH. As regis-
tered gold-containing compounds are infamous for their side effectsEI?EJ, it was decided to 
perform the fih study in healthy volunteers. However, improvement of remyelination 
in healthy volunteers cannot be measured, so the hypothesis that gold nanoparticles 
stimulate remyelination could not be tested in this study. The study did include in vitro 

inflammatory challenge experiments to investigate possible pharmacodynamic effects, 
based on reports that gold nanoparticles influence inflammatory responsesBD. However, 
no anti-inflammatory effects of gold nanoparticles were observed in the in vitro chal-
lenge, and therefore the planned ex vivo pd measurements were not added to the clini-
cal study. Currently, a phase 2 study in 150 ms patients with chronic optic neuropathy is 
ongoingFA. Biomarkers planned in this study include a 24-week vep measurement as a 
primary endpoint.

Just like in chapter 2, this example shows it might be necessary to wait for a study in 
patients to measure a specific effect (in this case: improvement in remyelination). How-
ever, the effect on the immune system probably could have been measured in healthy 
volunteers. In hindsight biomarker development well before start of the first study was 
needed, as it proved to be more difficult than expected. 

In summary, early phase drug development could benefit from more and better bio-
markers that can quantify pharmacological effects of treatments for ms.

conclusions and future directions
Using biomarkers in early stage drug development should be the new standard. As long as 
new pharmacological treatments for ms are developed, there will be a need for more accu-
rate biomarkers to demonstrate target engagement of the drug. There is a strong need for 
better biomarkers to study the effects of new drugs intended to enhance remyelination. 
This thesis provides examples of such biomarkers and how these can be easily integrated 
in early phase of drug development. Although a number of phase 1 studies have used ex-
ploratory efficacy objectives, it should be more common to use proof-of-pharmacology or 
proof-of-mechanism endpoints in these studies. Phase 1 studies can provide more informa-
tion than safety and tolerability only. 
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