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Multiple sclerosis (ms) is the most common autoimmune disorder of the central nervous 
system, estimated to affect 2-3 million individuals worldwideB?C. It is primarily an inflam-
matory disorder of the brain and spinal cord in which focal lymphocytic infiltration leads to 
damage of myelin (demyelination) and axonsD. Direct binding of t lymphocytes to myelin 
epitopes can lead to activation of macrophages and a subsequent attack of the myelin sheath 
leading to its phagocytosisE. This damage impairs the conduction of signals in the affected 
nerves. In turn, the reduction in conduction ability causes deficiency in sensation, move-
ment, cognition, or other functions depending on which nerves are involvedF. Several phe-
notypes (commonly named types), or patterns of progression, of ms have been described. 
These phenotypes use the past course of the disease in an attempt to predict the future course. 
Subtypes that describe the majority of the patients are relapsing-remitting (rrms), second-
ary progressive (spms), primary progressive (ppms) and progressive relapsing (prms)G. 
 
demyelination In demyelination the myelin sheath of neurons is damaged. Demy-
elinated axons cannot transmit fast trains of impulse, explaining symptoms resulting from 
physiological fatigue. Depolarisation might traverse the lesion but at reduced velocity, ac-
counting for the characteristic delay of evoked potentialsD. Partially demyelinated axons 
can discharge spontaneously, producing unpleasant distortions of sensation. Symptom 
recovery might suggest resolution of conduction block in structurally intact nerve fibres 
as the episode of inflammation wanesH. When structural damage has occurred, sodium 
channels are redistributed across the demyelinated axonal membraneI. Electrical activity 
is restored, but alterations in sodium and calcium exchange can prove hazardous until 
normal nodal arrangements are re-established by remyelinationJ. There are many pos-
sible biochemical and cellular mechanisms whereby activated immune cells may destroy 
myelin and oligodendrocytes (table 1)E. 

remyelination Following acute inflammatory episodes, the resolution of the in-
f lammatory process is probably an important factor contributing to the neurological 
recovery often observed after clinical relapses. Remyelination can occur to a significant 
extent in lesion areas, and this probably also contributes to functional recovery. Up to 40% 
of sclerotic plaques show signs of remyelinationE?BA, and it is unknown what determines 
the fate of a given lesionBB. However, remyelination is generally incomplete, and the my-
elin is of lower quality, which might be the reason why the original conduction properties 
are not fully restoredBC. Although remyelination is most active during the acute inflam-
matory process, it also occurs in the progressive phase of ms D?BD.

axonal loss In addition to damage to myelin and oligodendrocytes, axonal loss and 
injury are characteristic features of sclerotic plaques. In end-state multiple sclerosis, up 
to 60% of the axons present in sclerotic plaques may have disappearedBE?BF. As with loss 
of myelin, neuronal axonal damage is likely to be a multifactorial process. A number of 
cellular and humoral mediators of the immune response have been shown to be capable 
of damaging axons, including t lymphocyte, macrophages, antibodies, nitric oxide, gluta-
mate and matrix metalloproteasesE?BG?BH. 

pharmacological treatment of ms
Current treatment of ms can be divided into disease-modifying treatments and symptom-
atic treatments. The most common symptoms in ms, such as fatigue, sleep disorders, pain, 
vestibular symptoms, speech and swallowing, tremors and ataxia, weakness, spasticity, gait, 
bladder and bowel dysfunction and psychiatric symptoms, are often treated symptomati-
cally with pharmaceutical compounds, physiotherapy and /or psychological helpBI. A new 
symptomatic treatment is discussed in chapter 2, where the effects of a new oral formu-
lation of Δ9-tetrahydrocannabinol (Δ9-thc) on spasticity and pain in 24 patients with 
progressive ms is described. 

Most registered disease-modifying drugs (dmds) target the immune system, prevent-
ing it from destructing myelin. However, with increasing efficacy and discovery of these 
compounds over the yearsC, burden due to side effect of these compounds also increases. 
Figure 1 shows the different dmds, of first line treatment (interferons, glatiramer acetate, 
terif lunomide, dimethylfumarate), second line treatment (natalizumab, fingolimod) and 
third line treatment (alemtuzumab, mitoxantrone)D?BJ. A short description of the differ-
ent pharmacological treatments is listed in table 2. 

interferons Interferons belong to the large class of proteins known as cytokines, 
molecules used for communication between cells to trigger the protective defences of the 
immune system that help eradicate pathogens and are divided into type 1 (α and β inter-
ferons) and type 2 (γ or immune interferon)CA. Studies show administration of interferon 
γ increases the exacerbation rate and interferon γ may be involved in the pathogenesis 
of ms lesions. In contrast, interferon β tends to inhibit the activity of interferon γ and 
appears to prevent disease activity. Interferon β-1a and interferon β-1b are currently used 
to treat and control the autoimmune process in ms. The efficacy of subcutaneous inter-
feron β-1b was demonstrated in a double-blind, placebo-controlled trial of 372 patients 
with rrms who were randomly assigned to treatment with either interferon β-1b 50 mcg  
every other day, interferon β-1b 250 mcg every other day, or placeboCB?CC. A study in which 
safety and efficacy of pegylated interferon β-1a in 1512 patients with rrms assessed re-
ported peg interferon β-1a significantly reduced relapse rate compared with placeboCD. 
Injection site reactions are common with ifn-β therapy and can include injection site 
necrosis.CE. There is a high prevalence of mainly asymptomatic liver dysfunction associ-
ated with ifn-β therapy. However, serious hepatotoxicity associated with ifn-β is rareCF. 

glatiramer acetate Glatiramer acetate (copolymer 1) is a mixture of random poly-
mers of four amino acids. The mixture is antigenically similar to myelin basic protein, a 
component of the myelin sheath of nerves. In experimental models, the immunomodu-
latory mechanism of action for glatiramer involves binding to major histocompatibility 
complex molecules and consequent competition with various myelin antigens for their 
presentation to the t lymphocyte. In addition, glatiramer is a potent inducer of specific t 
helper 2 type suppressor cells that migrate to the brain and lead to bystander suppression; 
these cells also express anti-inflammatory cytokinesCG. In 1995 a double-blind trial with 
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glatiramer acetate in 251 patients with rrms was published. Patients treated with glatiram-
er acetate (20 mg subcutaneously daily) had a significantly lower relapse rate than those 
receiving placebo (1.19 versus 1.68)CH. Furthermore, over 140 weeks, a significantly larger 
proportion of patients in the placebo group experienced increased disability by ≥1.5 steps 
on the Expanded Disability Status Scale (edss) compared with the treatment group (41 ver-
sus 22 percent)CI. In the clinical trials for glatiramer, the most common adverse reactions 
reported by those taking glatiramer were skin problems at the injection site (redness, pain, 
swelling and itching), f lushing (vasodilation), rash, shortness of breath and chest painCJ. 

teriflunomide The immunomodulator terif lunomide is the active metabolite of 
lef lunomide that inhibits pyrimidine biosynthesis what leads to impaired proliferation of 
t lymphocyteDA. The effectiveness of terif lunomide for the treatment of rrms was dem-
onstrated in several randomized controlled trials. A trial with 1088 adults with relapsing 
ms found that terif lunomide significantly reduced the relapse rate by approximately 31 
percent compared with placeboDB. In 2014 a phase 3 trial with over 1100 adults with relaps-
ing forms of ms, showed terif lunomide was superior to placebo for reducing the relapse 
rateDC. The most common adverse effects of terif lunomide were diarrhoea, nausea, hair 
thinning, and elevated alanine aminotransferase (alt) levelsDB.

dimethyl fumarate Dimethyl fumarate and its primary metabolite, monomethyl 
fumarate, are cytoprotective of neurons and astrocytes against oxidative stress-induced 
cellular injury and loss, potentially by up-regulation of a Nrf2-dependent antioxidant re-
sponseDD. The Nrf2-mediated oxidative stress response mechanisms previously implicated 
as important for protection of the Central Nervous System (cns) in a variety of pathologi-
cal conditions, which can be beneficial for ms patientsDE. Two phase 3 studies reported in 
2012 significantly reduced relapse rates and the less development of new brain lesions on 
mri in patients with active ms, what suggests it might reduce the rate of disability progres-
sion. A first study enrolled 1234 patients and compared dimethyl fumarate to placeboDF. 
A second study enrolled 1430 patients and also included glatiramer as treatmentDG. The 
most common side effects of dimethyl fumarate are f lushing and gastrointestinal symp-
toms, including diarrhoea, nausea, and abdominal pain. Treatment with dimethyl fuma-
rate may decrease lymphocyte counts, so patients should have a complete blood count 
checked frequently during treatment and discontinue if lymphocytopenia developsDF?DG.  

natalizumab Natalizumab is a recombinant monoclonal antibody directed against 
alpha-4 integrins. Alpha-4 integrin is expressed on the surface of inflammatory lympho-
cytes and monocytes and may play a critical role in their adhesion to the vascular endo-
thelium and the migration of these cells to the brainDH. A decrease in migration of immune 
cells to the brain will leave less immune cells in the brain to destruct myelin. In 2011 a sys-
tematic review of trials evaluating natalizumab for rrms, pooled efficacy data from two 
randomized controlled trials, and showed that natalizumab significantly reduced the risk 
for a relapse during two years of treatment. In addition, natalizumab significantly reduced 
the risk for experiencing progression at two yearsDI–EA. The jc viral titre is used in the risk 

assessment in patients using natalizumab. Natalizumab is one of the most effective treat-
ments for ms currently availableEB. However, progressive multifocal leukoencephalopa-
thy (pml) emerged as a rare adverse event from its treatment, generally occurring late (> 
24 months) after initiating treatmentEC. pml is caused by reactivation of a latent jc virus in 
immunocompromised individuals and leads to a debilitating encephalopathy that is fatal 
in up to 20-50%ED. Determining a jc viral titre is indicated when patients use immunesup-
pressive medication or use natalizumab for a period of more than 2 years. However, while 
50% of ms patientsEE?EF are jcv Ab seropositive, less than 1% will develop pmlEG, emphasiz-
ing the limitations of this biomarker. The risk in sero-negative patients is 6-18 times lower 
(chances in sero-positive patients increases after two years)EH. Also, seroconversion rate 
was reported to be 26.67%EE. 

fingolimod Fingolimod is sphingosine analogue that modulates the sphingosine-
1-phosphate (s1p) receptor, causing internalization of s1p receptors, which sequesters 
lymphocytes in lymph nodes, preventing them from moving to the central nervous sys-
tem and cause a relapse in multiple sclerosis.EI. A 2016 review combined 6 rcts with a 
total of 5152 patients, and concluded treatment with fingolimod compared to placebo in 
rrms patients is effective in reducing inflammatory disease activity, but it may lead to 
little or no difference in preventing disability worsening. Also, this benefit is associated 
with a small increased risk of infection, atrioventricular block, and possibly basal cell 
carcinomaEJ.

alemtuzumab Alemtuzumab is a monoclonal antibody that binds to cd52, a pro-
tein present on the surface of mature lymphocytes, but not on the stem cells from which 
these lymphocytes are derived. After treatment with alemtuzumab, these cd52-bearing 
lymphocytes are targeted for destruction. cd52 has been implicated in the activation and 
migration of t lymphocytes. Alemtuzumab mediates lysis of these cells, suppressing the 
neuroinflammatory responses in msFA. Combined data from 3 trials, involving 1694 pa-
tients, concludes there is evidence that annual intravenous cycles of alemtuzumab reduces 
the proportion of patients with relapses, disease progression, change of edss score and 
developing new t2 lesions on mri.BAA The main side effects of alemtuzumab were infu-
sion reactions, infections, and autoimmune disorders. Immune thrombocytopenia (itp) 
developed in 1 percent of patients at two years, and in 3 percent at three years. BAB

mitoxantrone Mitoxantrone has immunosuppressive properties by reducing the 
number of t cells, inhibiting t helper cell function, and augmenting t cell suppressor 
activity.BAC The largest trial of mitoxantrone in ms was a single multicenter, double-blind 
trial of 194 patients with worsening rrms or spms.BAD Treatment with mitoxantrone was 
associated with significant clinical benefits compared with placebo on multivariate analy-
sis, reducing progression of disability and clinical exacerbations. Because of cardiac toxic-
ity and possible association with a low risk of developing therapy-related acute leukemia, 
mitoxantrone should be reserved for patients with rapidly advancing disease who have 
failed other therapiesFB.
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ocrelizumab Ocrelizumab is a chimeric anti-cd20 monoclonal antibody. It selec-
tively depletes cd20 -expressing b lymphocytes while preserving the capacity for b lym-
phocyte reconstitution and pre-existing humoral immunityFC?FD. A phase 3 trial in 732 
patients with primary progressive multiple sclerosis showed that ocrelizumab was associ-
ated with lower rates of clinical and mri progression than placebo. Improvement was re-
ported 12 weeks after the first treatment. Most report adverse events were infusion-related 
reactions, upper respiratory tract infections, and oral herpes infectionsFE.

cladribine Cladribine is a prodrug, but its active metabolite, cladribine triphos-
phate, accumulates within the cell, resulting in disruption of cellular metabolism, dna 
damage and subsequent apoptosis. Cladribine preferentially targets lymphocytes owing 
to their relatively high ratio of dck to 5’-nucleotidase, producing rapid and sustained 
reductions in cd4+ and cd8+ cells and rapid, though more transient, effects on cd19+ 
b lymphocyte. Cladribine is relatively sparing of other immune cellsFF. A study in 1326 
patients with rrms, treatment with cladribine tablets significantly reduced relapse rates. 
Adverse events that were more frequent in the cladribine groups included lymphocytope-
nia (21.6% in the 3.5-mg group and 31.5% in the 5.25-mg group, vs. 1.8%) and herpes zoster 
(8 patients and 12 patients, respectively, vs. no patients)FG. 

methylprednisolone Methylprednisolone (mp), an immunosuppressive drug, is 
prescribed to ms patients as an acute treatment of a relapse, and has been shown to ac-
celerate neurological recoveryFH. Chapter 3 describes a first in human study with a new 
formulation of mp, 2b3-201. This compound consists of liposomes containing methyl-
prednisolone. The liposomes have peg (polyethylene glycol, also known as macrogol) 
-molecules attached, ensuring a long residence time in the body,FI?FJ and glutathione 
molecules attached to peg molecules, improving blood-brain-barrier passageGA?GB. These 
characteristics in effect change regular methylprednisolone to a slow-release methylpred-
nisolone, with benefits such as lower dosing frequency because of long residue time and 
lower peak concentrations and peak concentration related side effects. 

Figure 1 displays the challenge in treatment development: the search for compounds 
with a high efficacy and limited burden. Remyelinating and neuroprotective therapies are 
a new class of medication in ms, for which little data is available on efficacy and burden. 

future of treatments in ms
Although a number of dmds for the treatment of the inflammatory phase are avail-
able, the need for treating neurodegeneration and halting the progression of disability  
remyelinating and neuroprotective therapies is still unmetGC. Below eight promising drug 
candidates are discussed that may have the potential to enhance remyelination or posi-
tively affect the cns (table 3).

anti-lingo-1 antibodies lingo-1, a membrane protein, originally attained 
prominence as an essential subunit of a tripartite receptor complex containing lingo-1, 

Nogo-66 receptor (ngr1), and tnf receptor superfamily members p75ntr or Troy/TajGD. 
This complex mediates inhibitory effects of cns myelin proteins on axon growthGE. Expo-
sure of mice to an inhibitory monoclonal antibody to lingo-1 was found to promote spi-
nal cord remyelination in an experimental model of ms, the experimental autoimmune 
encephalitis (eae) modelGF. This and similar results of subsequent studies motivated de-
velopment of opicinumab (biib033, Biogen), a lingo-1 monoclonal antibody suitable 
for use in humans. Although a phase 2 study with this compound did demonstrate a differ-
ence in remyelination between opicinumab and placebo, this effect was only significant in 
a subgroup of the study populationGG. 

rhigm22 antibodies rhigm22 is a monoclonal igm antibody that binds myelin 
tracts and mature oligodendrocytes, induces calcium influx in astrocytes, oligodendro-
cyte progenitor cells (opcs) and pre-mature oligodendrocytes in culture. The antibody 
promotes remyelination in animal studiesGH?GI. One of these animal studies used the cu-
prizone model, in which the toxin cuprizone leads to demyelination of the central ner-
vous system, demonstrated that treatment with rhigm22 accelerated remyelination of 
the demyelinated corpus callosum, and enhancing effects were also accompanied by in-
creased differentiation of opcs into mature oligodendrocytesGJ. The first clinical studies 
in humans are ongoing and results are not yet available.

olesoxime Olesoxime is an experimental neuroprotective compound that was being 
developed for amyotrophic lateral sclerosis (als)HA and spinal muscular atrophy (sma)HB.  
It has a number of potentially neuroprotective and neuroregenerative properties, in-
cluding accelerated maturation of oligodendrocytes and promoting remyelination in cu-
prizone mouse models of demyelinationHC. A first study in ms patients has started, and 
preliminary results report olesoxime is safe and well tolerated in patients with ms. 

asic1 blockers Blockade of the neuronal proton-gated acid-sensing ion channel 1 
(asic1) can support cellular protection, which is increased within axons and oligoden-
drocytes in acute multiple sclerosis lesionsHD. Blocking asic1 with amiloride exerts neu-
roprotective and myeloprotective effects in experimental models of multiple sclerosisHE. 
A pilot study suggest that amiloride may exert neuroprotective effects in patients with 
progressive multiple sclerosisHF.

benztropine Benztropine functions by a mechanism that involves direct antago-
nism of M1 and /or M3 muscarinic receptors with subsequent oligodendrocyte matura-
tion. Benztropine has shown to significantly decreases clinical severity in the eae modelHG. 
Clinical trials with benztropine have not been announced yet.

guanabenz Guanabenz is a α2 adrenergic receptor agonist. It protects oligodendro-
cytes by preventing dephosphorylation of eif2, thereby increasing oligodendrocyte 
survival, and leading to prevention of myelin loss. Preclinical studies demonstrated im-
provement of deficits in the eae modelHH. A clinical study has been initiated, but no results 
have been reported yet.
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quetiapine fumarate Quetiapine fumarate stimulates proliferation and matura-
tion of oligodendrocytes, increases neurotrophic factors, and inhibits activated microglia, 
astrocytes, and t lymphocytes. It was shown to have remyelinating and neuroprotective 
properties in the eae mouse modelHI. A clinical study has not been initiated yet. 

clean surface gold nanoparticles Animal studies with clean-surface gold 
nanoparticles showed remyelination in the cuprizone model. In chapter 4 we discuss the 
first-in-human study with these gold nanoparticles (cnm-au8), performed in 86 healthy 
male and female subjects to evaluate safety and pharmacokinetics.

biomarkers in multiple sclerosis

Definition

The World Health Organization defined a biomarker as ‘any substance, structure, or pro-
cess that can be measured in the body or its products and influence or predict the inci-
dence of outcome or disease’ HJ?IA. Biomarkers in multiple sclerosis can be used to assess 
disease susceptibility, disease progression and response to treatmentIB. Biomarkers in re-
sponse to treatment can be used to assess target engagement, pharmacodynamics, safety 
and proof-of-conceptIC. 

Current biomarkers

Current frequently used biomarkers in ms diagnosis and treatment management are oli-
goclonal bands (ocb) in the csf, neurofilament light, white matter lesions on mri and 
jc viral titerIB. While oligoclonal bands may be considered a diagnostic biomarker, white 
matter lesions on mri are diagnostic and used as biomarkers for treatment response, and 
jc viral titer is a biomarker related primarily to risk of side effects. An immunologic ab-
normality in ms patients is the presence of intrathecal synthesis of immunoglobulin g 
(igg) in an oligoclonal pattern, measured in the csf ID?IE and it was the first biomarker in 
the diagnostic criteria of ms in 1983IF. Although ocbs were removed from the 2010 Mac-
Donald criteria for rrms, they still are a criterion for the diagnosis of primary progressive 
msIG. Results of a recent biomarker study support the value of serum neurofilament light 
as a sensitive and clinically meaningful blood biomarker to monitor tissue damage and 
the effects of therapies in msIH.

mri provides a substantial variety of neuroinflammation biomarkers. T1 lesions with 
contrast enhancement can be considered a biomarker of acute neuroinflammation and 
Blood-Brain-Barrier (bbb) disruptionII?IJ. Hyperintense T2-weighted lesions ref lect 
a combination of mechanisms like inflammation, demyelination, axonal damage and 
oedema and has a high diagnostic value in msJA. Hypotense T1-weighted lesions (black 
holes) are considered satisfactory biomarkers of axonal damageJB. Both whole brain atro-
phy and grey matter atrophy are used as prognostic biomarkers in msJC?JD. However, mri 

techniques lack in adequate correlation with neurodegeneration and disability progres-
sion, the so-called ‘clinic-radiological paradox’.JE–JG

Potential biomarkers 

As mentioned earlier, more pharmaceutical compounds will target remyelination and 
trials with potential neuroreparative or neuroregenerative agents will need appropriate 
biomarkers. One of the biggest difficulties in the development of remyelination thera-
pies for ms is the demonstration of remyelination in living patientsJH?JI. Conventional 
mri sequences have limited specificity for myelination. Imaging modalities which are po-
tentially more specific to myelin content in vivo are magnetisation transfer ratio (mtr), 
restricted proton fraction f (from quantitative magnetisation transfer measurements), 
myelin water fraction and diffusion tensor imaging (dti) metrics, and positron emission 
tomography (pet) imaging. Although mtr and dti measures probably offer the most 
realistic and feasible outcome measures for such trials, they don’t have sufficiently high 
sensitivity or specificity to myelin, or correlation with clinical featuresJE?JJ. The inade-
quacy of imaging biomarkers to quantify the process of myelin formation, and the need 
for a pharmacodynamic measure that could be used for studies with compounds that 
enhance remyelination, led us to set up and validate a more accurate method to measure 
(re)myelination. 

In chapter 5 we describe the development of a method to determine myelin turnover 
by labelling myelin with deuterium. First, the method was designed with the help of pre-
clinical analyses and modelling. Subsequently the feasibility of the method was assessed in 
a clinical study subjects. Healthy subjects drank heavy (70% deuterated) water for a period 
of 10 weeks, and deuterium incorporation of myelin breakdown products (beta-galacto-
sylceramide) in the cerebrospinal f luid (csf) was measured with mass spectrometry, after 
which the level of incorporation was quantified using modelling techniques. 
In a second study this labelling experiment was repeated in patients with ms with the goal 
to quantify myelin turnover and assess the feasibility of this method to be used in patients 
with ms. The results of this study are described in chapter 6. 

Demyelination of nerves leads to conduction abnormalities and hence to neurological 
symptoms. Demyelination of the fasciculus longitudinalis medialis in the brainstem leads 
to slowing of the adducting eye in horizontal eye movements, which, when it leads to clini-
cal symptoms is called an internuclear ophthalmoplegia (ino). We validated a method to 
accurately measure eye movements in patients with ms and an ino to be used to demon-
strate pharmacological effects of compounds that influence nerve conduction (chapter 
7). We accurately tracked eye movement in patients with ms and an internuclear ophthal-
moplegia. As validation of a method is best done with a compound that has proven to be 
effective, we used fampridine (4-Aminopyridine) in this study as treatment. Fampridine 
caused a significant improvement in eye movements, as measured using a highly sensitive 
method to use eye movements. This method may also be used to quantify the effects of a 
compounds that enhance remyelination and thereby improve nerve conduction.
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table 1 – Mechanisms of demyelination in multiple sclerosis, derived from Bruck, 2005E.

Primary immune mechanisms Secondary mechanisms

t lymphocytes Excitotoxicity

Cytotoxins Free radicals

Nitric oxide Death ligands and receptors

Antibodies Toxins

Complement Viruses 

table 2 – Disease Modifying Drugs, registered in the Netherlands.

Compound Target Development phase

Interferons Immunomodulatory cytokine Registered compound

Glatiramer acetate Immunomodulatory: competition with various myelin antigens 
presentation to t lymphocyte

Registered compound

Terif lunomide Inhibits pyrimidine biosynthesis what leads to impaired proliferation  
of t lymphocyte

Registered compound

Dimethyl fumarate Neuroprotective effect through Nrf2-mediated oxidative stress response Registered compound

Natalizumab Antibody against alpha-4 integrins, decreases migration of immune cells Registered compound

Fingolimod Prevents lymphocytes from moving to the cns Registered compound

Alemtuzumab Mediates lysis of immune cells, suppressing the neuroinflammatory 
responses in ms

Registered compound

Ocrelizumab Selectively depletes cd20 -expressing b lymphocytes Registered compound

Cladribine Causes apoptosis of t lymphocyte Registered compound

Mitoxantrone Immunosuppressive properties: reducing the number of b lymphocyte, 
inhibiting t helper cell function, and augmenting t lymphocyte 
suppressor activity

Registered compound

table 3 – Compounds in developmental phase, selected on those that influence cns.

Compound Target Development phase

Anti-lingo -1 antibodies Promotes remyelination Phase ii

rhigm22 antibodies Promotes remyelination Phase i-ii

Olesoxime Neuroprotective and neuroregenerative properties Phase i

asic1 blockers Neuroprotective and myeloprotective effects Pilot study

Benztropine Oligodendrocyte maturation Animal studies

Guanabenz Increasing oligodendrocyte survival Phase i

Quetiapine fumarate Remyelinating and neuroprotective properties Animal studies

Clean surface gold nanoparticles Enhance remyelination Phase i
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figure 1 – Frequently used medication in multiple sclerosis, modified from Coles 2015BJ. Ocrelizumab and cladribine are not 
in this figure. II 
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abstract
purpose The aim of the present study was to evaluate the efficacy of an oral formula-
tion of Δ9-tetrahydrocannabinol (ecp002a) in patients with progressive multiple sclero-
sis (ms).

methods This accelerated proof-of-concept study consisted of 2 phases: a crossover 
challenge (dose-finding) phase and a 4-week, parallel, randomized, placebo-controlled 
treatment phase. Twenty-four patients with progressive ms and moderate spasticity were 
enrolled. During the treatment phase, biomarkers for efficacy and secondary pharmaco-
dynamic effects were measured at baseline and after 2 and 4 weeks of treatment. Serum 
samples were collected to determine pharmacokinetic properties and perform popula-
tion modeling. Safety and tolerability profiles were assessed based on adverse events and 
safety measurements.

findings Pain was significantly reduced when measured directly after administration 
of ecp002a in the clinic but not when measured in a daily diary. A similar pattern was 
observed in subjective muscle spasticity. Other clinical outcomes were not significantly 
different between active treatment and placebo. Cognitive testing indicated that there was 
no decline in cognition after 2 or 4 weeks of treatment attributable to ecp002a compared 
with placebo.

implications This study specifically underlines the added value of thorough investi-
gation of pharmacokinetic and pharmacodynamic associations in the target population. 
Despite the complex interplay of psychoactive effects and analgesia, the current oral for-
mulation of Δ9-tetrahydrocannabinol may play a role in the treatment of spasticity and 
pain associated with ms because it was well tolerated and had a stable pharmacokinetic 
profile.

chapter ii – effects of Δ9-thc on spasticity and pain in ms patients

introduction
Multiple sclerosis (ms) is an inflammatory disease of the nervous system characterized 
by highly variable clinical aspects and an unpredictable courseB. Of the many symptoms 
encountered in ms, muscle spasticity and spasms occur in up to 75% of patientsC. These 
symptoms often lead to considerable distress from reduced mobility and interference with 
activities of daily living. Other disabling features include sensory symptoms (eg, pain), 
present in up to 86% of the patientsD. Spasticity refers to feelings of stiffness and a wide 
range of involuntary muscle spasms (sustained muscle contractions or sudden move-
ments). Spasticity may be as mild as the feeling of tightness of muscles or may be so severe 
as to produce painful, uncontrollable spasms of extremities. Spasticity may also produce 
feelings of pain or tightness in and around joints and can cause lower back pain. Although 
spasticity can occur in any limb, it is much more common in the legs. The endogenous 
cannabinoid system appears to be tonically active in the control of spasticityE?F, and can-
nabinoids have been proposed in ms because of their ability to reduce the subjective feel-
ing of spasticityG. Cannabinoids modulate motor cortical excitability probably through 
the presynaptic cannabinoid receptor cb1 that controls the release of neurotransmitters 
from axonal terminalsH?I. Δ9-Tetrahydrocannabinol (Δ9-thc) is one of the cannabinoids 
in the Cannabis sativa plant and a direct partial agonist of the cannabinoid receptor cb1. 
Several studies have examined the effect of (synthetic forms of) Δ9-thc in the treatment 
of multiple sclerosis. No significant effects of doses between 10 and 25 mg (total daily 
dose, twice-daily dosing) of oral Δ9-thc were observed on spasticity as measured on the 
Ashworth scale in a large population. However, a small but clinically relevant benefit of 
treatment with cannabis extract or Δ9-thc capsules of dosages up to 25 mg /d was found in 
secondary outcome measures of perception of spasticity and mobilityJ. Several other stud-
ies have also found an effect of Δ9-thc on subjective measures of spasticityBA?BB and pain 
in patients with msJ?BC at different dosing regimens. Another study comparing the effects 
of an oral formulation of Δ9-thc to a cannabis plant extract and to placebo did not reveal 
efficacy in the treatment of spasticity of either productBD.

Oral bioavailability of Δ9-thc is variable because of significant first-pass effect, and the 
current formulation of Δ9-thc, ecp002a, was found in a Phase I study to have superior 
pharmacokinetic (pk) properties to previous formulations, leading to more stable Δ9-thc 
plasma levels without high peaks and thus expected early onset of treatment effectsBE. It 
has a tablet formulation of pure Δ9-thc that was produced using an emulsifying drug 
delivery technology (Alitra [Echo Pharmaceuticals b.v., Weesp, the Netherlands]). This 
technology was designed to improve the uptake of poorly soluble lipophilic compounds, 
using less surfactant (<10% w /w). The present study was designed to investigate the pk 
properties, tolerability, and effects on spasticity and pain of this formulation in a cohort of 
24 patients with primary and secondary progressive ms, using a crossover challenge (dose-
finding) phase and a 28-day parallel treatment period.
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methods
This study was designed as a hybrid between a typical multiple-dose study to investigate 
pk, pharmacodynamic (pd), and safety profiles and a first-in-patient study to establish 
proof of concept and hence considered to be an accelerated proof-of-concept study that 
consisted of 2 phases. The challenge phase was designed as a randomized, double-blind, 
placebo-controlled, 2-way crossover design to determine the optimal effective dose of 
ecp002a to treat spasticity of each individual and limit the risk of adverse events, using 
pk /pd modeling. Each of the 2 visits in the challenge phase consisted of up-titration of 3 
consecutive drug administrations with a 100-minute interval in ascending order. If well 
tolerated, the 3 dose levels were predetermined to be 3, 5, and 8 mg, leading to a total daily 
dose of 16 mg, which was based on the pk and pd findings in the previous studyBE. Between 
the administrations of Δ9-thc or placebo, different measurements for safety profile, toler-
ability, and biomarkers were performed. Between the 2 visits was a washout period of 7 
to 14 days.

The 4-week treatment phase was performed in a randomized, double-blind, placebo-
controlled parallel fashion to determine the safety profile, tolerability, and efficacy of 
ecp002a in patients with ms with spasticity and pain. On the basis of the findings of the 
challenge phase, patients start with a predetermined daily dose divided over 3 intakes. 
After 2 weeks of treatment, the dose for each patient was evaluated and increased when 
considered appropriate. The study was approved by the Medical Ethics Committee of the 
vu University Medical Center (Amsterdam, the Netherlands).

The study was conducted according to the Dutch Act on Medical Research Involving 
Human Subjects and in compliance with Good Clinical Practice and the Declaration of 
Helsinki. The study is registered in the European Union Clinical Trials Register under 
protocol number 2010-022033-28 and in the Dutch clinical trial registry (www.toetsin-
gonline.nl) under dossier number nl34443.029.10. The study was performed by the 
Centre for Human Drug Research (Leiden, the Netherlands) and vu University Medical 
Center (Amsterdam, the Netherlands) and was funded by Echo Pharmaceuticals.
Twenty-four patients 18 years or older with a diagnosis of progressive (primary or second-
ary) ms according to the revised McDonald criteriaBF who had a disease duration of >1 
year and were clinically stable for at least 30 days before the start of the challenge phase 
were to be enrolled. In addition, patients had to have moderate spasticity as defined by 
an Ashworth score of ≥2 (range, 0-4) and a Kurtzke Expanded Disability Status Scale score 
between 4.5 and 7.5 at baseline (range, 0-10). Spasmolytic therapy was allowed, given that 
dosage and treatment regimen was stable for at least 30 days before study participation 
and remained stable throughout study participation. Current use of Δ9-thc was exclu-
sionary, as confirmed per urine drug screen. All patients provided written informed con-
sent before participation.

ecp002a and matching placebo tablets were manufactured and provided under the 
responsibility of Echo Pharmaceuticals bv. Tablets were available in the strengths 1.5 and 
5 mg of Δ9-thc and contained no other active ingredients. On the basis of the observed 
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pk profile in the first-in-human study, the dosing regimen for the treatment phase was 
fixed on intake thrice daily of the starting dose as determined during the challenge phase.

Both the challenge and treatment phase included biomarkers for efficacy and secondary 
pd effects. Both types consisted of objective and subjective measurements. The end points 
for the challenge phase were a set of biomarkers for efficacy (objective spasticity: the ratio 
of the maximum amplitude of the Hoffmann reflex to the maximum m response, re-
corded over the soleus muscle after electrophysiologic stimulation of the popliteal nerve 
(h /m ratio)BG?BH and subjective spasticity and pain expressed using a Numerical Rating 
Scale (nrs)) and biomarkers for secondary pd effects (changes in internal and external 
perception [feeling high] as measured with the visual analog scale (vas) BowdleBI, changes 
in alertness, mood, and calmness as measured with the vas Bond and LaderBJ and pos-
tural instability), and pk end points. The primary end point for the treatment phase was 
the h /m ratioBG?BH. Secondary end points were biomarkers for efficacy that were either 
measured in the clinic (Ashworth scoreCA, subjective spasticity (nrs), number of spasmsCB 
and pain using an nrsCC and the McGill Pain QuestionnaireCD?CE?CF) or measured at home 
using a daily diary (subjective spasticity (nrs), number of spasms and pain (nrs)). Fur-
thermore, a set of functional outcome measures was selected to assess treatment effects: 
Expanded Disability Status ScaleCG, the Patient’s Global Impression of ChangeCC, quality 
of sleep as determined by the Pittsburgh Sleep Quality IndexCH, walking distance recorded 
by the Timed 25-Foot Walk TestCI, the Fatigue Severity ScaleCJ. Finally, the same biomark-
ers for secondary pd effects were included, namely, vas Bowdle, vas Bond and Lader, and 
postural instability, in addition to a test to assess visual perception, attention, and working 
memory, the Symbol Digit Substitution TestDA, and heart rateDB.

A sample size of 24 patients (including active and placebo treatment) was determined 
to have 90% power to detect a difference in the mean h /m ratio (change from baseline) be-
tween placebo and ecp002a of 20%, assuming an sd of differences of 21%, using a paired 
t-test with a 0.050 2-sided significance level. For both the challenge and treatment phases, 
a randomization schedule was prepared under the responsibility of an independent stat-
istician within Centre for Human Drug Research but not involved in the execution of the 
study. All staff involved in the clinical execution of the study were blinded until all data 
were collected and the database was locked. For the treatment phase, block randomiza-
tion was applied. The schedule was sent to the hospital pharmacy, and sealed envelopes 
for code breaking were available for the investigator. Treatment allocation was performed 
on the basis of the date of eligibility of the individual because the identification numbers 
are assigned at that moment.

The results of the pd endpoints were compared between the ecp002a- and placebo-
treated group with an analysis of (co)variance with treatment, time, and treatment by time 
as fixed factors and individual as the random factor and, if available, the mean baseline 
measurement as covariate. Within the model, contrasts are calculated over all measure-
ments, only the measurements of week 2, and only the measurements of week 4. The 
Kenward-Roger approximation was used to estimate denominator degrees of freedom, 
and model parameters were estimated using the restricted maximum likelihood method. 



measuring pharmacodynamics in early clinical drug studies in multiple sclerosis 2726

The general treatment effect and specific contrasts were reported with the estimated dif-
ferences and 95% CIs, the least square mean (lsm) estimates, and P values. Graphs of the 
lsm estimates over time by treatment were presented with 95% CIs as error bars.

Because body sway and Timed 25-Foot Walk Test data were not normally distributed, 
the data were log-transformed before analysis and back-transformed after analysis. vas 
Bowdle subscale scores were log transformed (log10) after a value of 2 was added to each 
score to avoid log transformation from zero. Combined internal, external, and feeling 
high scores were calculated on log transformed data.

All calculations of the pd parameters were performed using sas for Windows, version 
9.1.3 (sas Institute, Cary, North Carolina). No adjustments for multiple comparisons were 
used.

Post Hoc analysis

On review of the data, the authors noted that some patients indicated having experienced 
no subjective spasticity or pain at the start of the treatment phase because of the erratic 
nature of these symptoms of ms. Therefore, a subgroup analysis was performed that only 
included patients who indicated experiencing subjective spasticity (n = 17) or pain (n = 17) 
at the start of treatment. In addition, to differentiate short-term from long-term treatment 
effects, an additional analysis was performed in which the measurements immediately 
after the first dosing at the start of the treatment phase were excluded from the model, and 
only measurements of week 2 and 4 were used to estimate contrasts.

pk modeling

The population pk analysis focused on identifying 1- and 2-compartmental structural 
models with first-order absorption and elimination to describe the data. The random-
effects structure that was applied included a proportional residual error distribution and 
log-normal distributions for the interindividual variability of the pk parameters. The lat-
ter was established using an exponential transformation of a normal random-effects distri-
bution. Various types of variance-covariance matrices were tested for the interindividual 
variability. The estimated population values (both fixed and random effects) were used to 
determine individual empirical Bayes estimates (post hoc estimates) of the pk parameters 
and related values such as after single dose: auc0–∞, Cmax, and tU. Calculations were per-
formed using r, version 2.12.0 (r Foundation for Statistical Computing, Vienna, Austria). 
The analyses closely followed the guidelines of the us Food and Drug Administration and 
European Medicines Agency for performing and reporting population pk analyses.

results
During the clinical execution, a total of 213 potential patients were identified (figure 1). 
Seventy-three patients were found eligible for screening after telephone prescreening, of 
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whom 66 were screened. Between August 2011 and January 2013, a total of 24 patients 
were enrolled. Baseline characteristics are given in table 1; there were no relevant differ-
ences between the treatment groups. All randomized patients completed the challenge 
phase and were subsequently enrolled in the treatment phase. One patient (randomized 
to receive placebo) dropped out during treatment phase because of intolerable adverse 
events.

Challenge phase

None of the measurements included to assess the acute effects on spasticity or pain im-
proved significantly after 3 consecutive dose administrations of ecp002a during the 
challenge phase (table 2). The h /m ratio and nrs scores for pain and spasticity were not 
significantly different between the ecp002a and placebo treatment groups. Several bio-
markers for pd effects were measured during the challenge phase. On a group level, pos-
tural instability, heart rate, and internal and external perception were significantly affected 
by ecp002a administration compared with placebo. The vas scores for alertness, calm-
ness, and mood were not significantly affected differently by ecp002a than by placebo.

pk/pd modeling

To overcome individual differences in tolerability, this study protocol was designed with 
pk/pd modeling implemented as an aid to determine individual dose per patient. Re-
sults from the crossover challenge phase were modeled to assess the individual dose at 
which desired effects would occur in the absence of adverse events. However, because of 
a lack of a robust pd response during the challenge phase (spasticity in h/m ratio or nrs 
scores) or other secondary pd effects (eg, vas for feeling high), a pk/pd model could not 
be established on an individual level as intended. Because of large variability in acute pd 
response, a prediction of plasma concentrations needed to exert a desired pd effect could 
not be made. The pragmatic approach that we chose instead was up-titration to the level 
of tolerability to adverse events.

During the challenge phase, the highest consecutive dose of 8 mg was not reached in 2 
patients because of adverse events. Twelve patients did not experience any adverse events 
during the challenge phase and were dosed at the maximum allowed starting dose per 
protocol of 24 mg /d (intake of 8 mg thrice daily). Seven of these patients were randomized 
to receive active treatment. The remaining 5 patients randomized to receive active treat-
ment started at a dose of 15 mg /d (intake of 5 mg thrice daily) because they experienced 
intolerable adverse events after administration of 8 mg during the challenge phase. Daily 
doses prescribed in the treatment phase are presented in figure 2. After 2 weeks of treat-
ment, the daily dose was increased with 4.5 mg in all patients, except 1. For 2 patients, 
the dose was subsequently decreased to the starting dose (15 and 24 mg /d, respectively) 
because of adverse events, indicating that the maximum tolerated dose was reached for 
these patients.
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Treatment phase

Treatment effects were measured using different types of outcome measures, which we cat-
egorized as objective or subjective measures of efficacy or secondary pd response results. 
The results of the measures of efficacy are summarized in table 3. No significant treatment 
effect was observed on the objective end points for spasticity: h/m ratio and Ashworth 
score. Measures of subjective spasticity did reveal a long-term treatment effect in a post 
hoc analysis that included patients who reported spasticity at the start of the treatment 
phase (n = 18): a nonsignificant reduction of 0.94 point (95% ci, –2.05 to 0.17; P = 0.0910). 
In addition, in a post hoc analyses of long-term treatment effects in patients who reported 
pain at the start of treatment (n = 17), pain rating was significantly reduced overall dur-
ing 4 weeks of treatment with ecp002a (lsm, 2.74 for active treatment versus 4.25 for 
placebo; lsm estimated difference, –1.51; 95% CI, –2.75 to –0.28; P = 0.0198) (figure 3). When 
spasticity and pain were measured with a daily diary at home, no significant treatment 
effect was observed for either pain (–0.47; 95% CI, –2.66 to 1.71; P = 0.6581) or spasticity 
(–0.09; 95% CI, –1.99 to 1.81; P = 0.9195). Fatigue, measured using the Fatigue Severity Scale, 
was significantly reduced after 2 weeks of ecp002a treatment compared with placebo 
(lsm estimated difference, –0.74; 95% CI, –1.43 to –0.04; P = 0.0382). This difference was 
not significant overall (–0.42; 95% CI, –1.03 to 0.20; P = 0.1769). Other functional outcome 
measures for efficacy, including the Expanded Disability Status Scale, Timed 25-Foot Walk 
Test, Patient’s Global Impression of Change, and Pittsburgh Sleep Quality Index, did not 
significantly improve during 4 weeks of treatment (table 3). 

Other secondary pd effects were assessed using 2 objective biomarkers and 2 subjective 
questionnaires. The results are described in table 4. None of the tests evidenced a clini-
cally relevant or statistically significant decline of postural stability, cognitive functioning, 
mood, or psychotomimetic effects. During each treatment visit, the patients were asked 
which treatment they assumed to be receiving to assess possible bias among patients. At 
the end of the treatment, 5 patients (41.7%) in the placebo arm guessed correctly that they 
had received placebo treatment and 5 (41.7%) patients were not sure, whereas 8 patients 
(66.7%) receiving active treatment guessed correctly that they had been receiving active 
treatment. Presumed treatment allocation was included in the statistical analyses but was 
not a significant factor in treatment response.

A responder analysis was performed in which responders for spasticity and pain 
(nrs) were identified and compared in terms of baseline characteristics. This analysis 
did not yield significant differences in baseline characteristics between responders and 
nonresponders.

pk profiles

The pk profiles were derived from the data collected during the challenge and treatment 
phases. An overview of the population parameter estimates of the final 1-compartment 
pk model for Δ9-thc is shown in table 5. The model includes interindividual variability 
on the elimination rate constant (kMK) (ω2 estimate, 0.038; se, 0.018; shrinkage, 32.3%) 
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and interoccasion variability on the absorption rate constant (ka) (ω2 estimate, 0.47; se, 
0.087; shrinkage, 6.8%–43.1%). The parameter estimate for ka is 0.0033 min–B (95% CI, 
0.0025–0.0042). The parameter estimate for kMK is 0.036 min–B (95% CI, 0.022–0.058). 
The Vd is estimated at 285 L (95% CI, 170–479). The proportional residual error was an σC 
estimate of 0.18 (se, 0.018; shrinkage, 9.4%).

Safety profiles

In total, 200 adverse events were recorded, most of which were classified as mild. Nine 
treatment-emergent adverse events (4.5%) were considered moderate, and 1 diagnosis 
(0.5%) of euphoric mood was judged as severe because it led to inability to work or per-
form daily activities. A summary table of all adverse events that were observed more than 
once is provided in table 6. The most commonly reported adverse events were dizziness 
and euphoric mood, followed by headache, somnolence, and fatigue. Whenever a patient 
reported to be feeling high, this was recorded as euphoric mood in accordance with Medi-
cal Dictionary for Regulatory Activities coding, regardless of whether the patient reported 
euphoria. Feeling abnormal was used to describe changes in internal or external percep-
tion, without a patient specifically mentioning the word high. Adverse events related to 
disease state and commonly present in this population, including muscular weakness, 
muscle spasticity, tremor, or paresthesia, were recorded only if there was an increase com-
pared with before the start of the study, as experienced by the patient. During the treat-
ment phase, 5 adverse events led to a dose adjustment or omission of dose increase after 
2 weeks of treatment. No serious adverse events occurred during this study. Individual 
patients reported psychiatric symptoms, including confusion, disorientation, irritability, 
or apathy, but this was not endemic for treatment with ecp002a. One patient reported 
adverse events that ultimately led to termination of the participation of this patient after 6 
days of placebo treatment. Four (33.3%) of 12 patients receiving active treatment reported 
an increase in muscular weakness, which was considered moderate in 1 patient. The safety 
profile observed during active treatment in this study corresponds with the expected ad-
verse event profile for this class of drugs.

discussion
This was a phase ii, accelerated, proof-of-concept study to investigate the adverse effect 
profile, tolerability, pd properties, and pk properties of an oral formulation of Δ9-thc 
in patients with progressive ms and spasticity. The present study was performed imme-
diately after the first-in-human study in healthy volunteers. This study was designed as a 
hybrid between a typical multiple-dose study to investigate pk, pd, and safety profiles and 
a first-in-patient study to establish proof of concept. In this small study (n = 24) we met 
these objectives. The challenge phase in the study design proved to be an elegant way to 
investigate pk, pd, and safety profiles and decide on an appropriate starting dose per indi-
vidual patient to avoid cumbrous and inefficient up-titration during the treatment phase. 
Moreover, the placebo-controlled crossover setting reduced the risk of bias. Even though 
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dose selection for the treatment phase on an individual level was less refined than initially 
intended because of variability in acute pd response, which impeded determination of a 
starting dose using pk and pd modeling, the challenge phase still led to an effective treat-
ment phase of 4 weeks in which a pd treatment effect could be found in the target popula-
tion. The effect sizes in terms of treatment effect of the oral formulation of Δ9-thc on the 
clinical end points of subjective spasticity, pain, and various other clinical end points are 
consistent with the findings of earlier studies on this topicBB?DC.

Overall, treatment with ecp002a was well tolerated. The most frequently observed 
events of dizziness, somnolence, and changes in mood, including euphoric mood, were 
related to the primary pharmacologic mechanism of action. As such, these events were 
in line with what was expected. One-third (n = 4) of the patients treated with ecp002a 
reported muscular weakness during the treatment phase. This muscular weakness may be 
a part of the causal pathway of reduced muscle tension, leading to the intended treatment 
of spasticity.

Subjective spasticity measured with an nrs repeatedly during the treatment visits on 
weeks 0, 2, and 4 improved after 2 and 4 weeks of treatment, which was significant at 2 
weeks of treatment. The same pattern was observed in a more pronounced way for the 
nrs for pain measured as an nrs repeatedly during each treatment visit revealed an over-
all improvement in favor of treatment compared with placebo. For both spasticity and 
pain, post hoc analyses were performed, which only included patients with any subjective 
spasticity and pain at the start of treatment because patients with an nrs spasticity or pain 
score of 0 at baseline would not have been susceptible to improvement, thus leading to a 
statistical f loor effect. For spasticity, the nrs analysis in 18 patients emphasized the pattern 
that was already seen in the intention-to-treat analysis: a reduction in subjective spasticity, 
which was significant after 2 weeks of treatment but not after 4 weeks of treatment and no 
overall significant treatment effect. The nrs for pain (n = 17) revealed a significant overall 
treatment effect and an overall reduction in pain of 1.27 points. To differentiate between 
acute and (sub)chronic treatment effects, an additional analysis was performed that in-
cluded the results of the baseline and weeks 2 and 4 and omitted those measurements 
taken immediately after the first dosing administration of the treatment phase. These 
analyses accentuated the pattern that was observed in the intention-to-treat analysis. No 
significant treatment effect was observed for the objective measurements of spasticity: 
h/m ratio and Ashworth scale. In addition, subjective spasticity and pain measured with 
an nrs using a daily diary during the treatment phase revealed a limited decrease in level 
of subjective spasticity and pain in patients treated with active treatment compared with 
placebo, which was not statistically significant.

The data-intensive study design allowed for a thorough investigation of the association 
between short-term and long-term pd and pk properties in the target population. The 
observed difference between short-term and daily treatment effects brought to light the 
importance of timing of measuring subjective treatment effects.

The discrepancy between the objective and subjective measures of spasticity seen in 
this study has previously also been observed in Phase ii and iii trials of cannabinoids and 
even occasionally for currently first-line spasmolytics in patients with ms DD. According to 
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the reviews by RogBA and Lakhan and RowlandBB, only 1 studyDE reported an improvement 
in Ashworth score, whereas multiple studies reported only subjective improvement of 
spasticity. In the aforementioned reviews and clinical studies, the validity of the Ashworth 
scale as an outcome measure for clinically relevant improvement has been questioned, 
partially because of its limited sensitivity for detecting small changes, as is the case for any 
objective measure of spasticity DF. With the goal to further elucidate the pharmacologic 
mechanism of action of Δ9-thc on spasticity in patients with ms in this data-intensive 
clinical study, this end point was included in the protocol nonetheless. Even though the 
study was performed in a double-blind fashion, cannabinoids are known to induce subjec-
tive psychoactive effects, which are potentially undermining blinding of study treatment 
allocation. This could introduce bias, especially when measuring subjective outcome mea-
sures. However, it is impossible to disentangle desired spasmolytic treatment effects from 
psychoactive unblinding effects because they both result from modulation of the canna-
binoid system and even possibly share the same pathway.
In 2 of the 3 other studies where the effects of Δ9-thc on the h/m ratio were investigated, 
no significant treatment effects were seen after 4 to 6 weeks of treatment with oromucosal 
cannabis-based therapyDG?DH?DI. In the present study, the baseline h/m ratio values observed 
in the soleus muscle were relatively low compared with what is generally considered hy-
perreflexia or muscle spasticityDJ. This can possibly be explained by the extent of muscle 
tone observed in these patients: if muscle tone is increased for a prolonged period, ref lexes 
are often diminished because of reduced excitability of the muscle. This phenomenon was 
distributed unevenly among the treatment groups because it was observed at the start 
of treatment and during the challenge phase preceding the treatment phase and is thus 
considered a group difference resulting from chance.

During the challenge phase objective (postural stability) and subjective (alterations in 
internal or external perception or mood) pd effects were affected by ecp002a compared 
with placebo. However, these pd effects were not observed during the 4-week treatment 
phase: patients receiving active treatment did not have an increase in postural instability 
after 2 or 4 weeks of treatment compared with placebo. In addition, the minor psychoac-
tive effects observed after short-term administration of ecp002a during the challenge 
phase were not observed during the treatment phase. A comparable pattern was observed 
in the Symbol Digit Substitution Test, a measure of attention, short-term memory, and 
psychomotor speed, which revealed a slight deterioration after 2 weeks of treatment with 
ecp002a compared with placebo. This difference, however, was reversed after 4 weeks of 
treatment, suggesting an improvement in reaction time. This slim statistical difference 
was skewed because of a ceiling effect and is considered not clinically relevant. It indicates, 
however, that no clinically relevant deterioration in attention and cognitive functioning 
had taken place during 4 weeks of treatment with ecp002a. These findings appear to 
imply habituation to the (undesirable) psychoactive effects, which was also observed in 
previous studies investigating the potential for cannabinoids in therapeutic applicationsEA.

To our knowledge, the first pk model for Δ9-thc in this patient population was cre-
ated based on the data that were collected during the challenge and treatment phases. 
The current pk model exhibits the f lip-f lop kinetics phenomenon, where the ka < kMK, and 
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the terminal phase is therefore determined by ka. Although resulting in the best model 
fit, it is known from previously published pk models EB that this is not true for Δ9-thc. 
The reason for this discrepancy is that the mathematical description of the data with a 
1-compartment oral absorption model can be identical when the value for ka and kMK are 
interchanged and the value for Vapp is then scaled. Such a more physiologically plausible 
fit with ka > kMK could not be accomplished with the current data; therefore, this should 
be taken into consideration when interpreting the values for ka, kMK, and Vd. In line with 
the variability in pd outcomes observed in this trial, moderate variability in pk properties 
was observed during both the challenge and treatment phases compared with the phase I 
trial investigating the pk and pd properties of ecp002aBE. Thus, this increased variability 
is most likely attributable to an increase in variability observed in a heterogeneous pa-
tient population compared with healthy volunteers. The pk modeling reveals a relatively 
high typical apparent clearance (10.27 L /min) and typical apparent (central) Vd compared 
with previous findings, which is most likely related to a lower bioavailability (previously 
estimated between 4% and 12%)EC. In addition, a slower absorption rate was observed 
compared with what was observed in a previous study investigating ecp002a in healthy 
individualsBE. This was most likely caused by a reduced gastrointestinal motility, which has 
previously been reported in patients with msED.

In this 4-week study, the subjective measures of the severity of experienced spasticity 
and pain revealed a treatment effect compared with placebo. These findings are in line 
with what has been previously reported on the effects of cannabinoids in patients with 
ms, when measured in the clinic. However, assessment of subjective effects using a daily 
diary yielded discrepant results, underlining the importance of selecting the appropriate 
method for determining treatment effects, when patients are treated at home. The mild 
adverse event profile indicates overall good tolerability for this formulation of Δ9-thc. 
The pk modeling provided insight in the relatively large variability in absorption between 
and within patients, thereby underlining the rationale for this combined crossover and 
parallel study design.

According to recent reviewsEE?EF, there currently is moderate evidence supporting the 
use of cannabinoids (Δ9-thc alone or in combination with cannabidiol) for the treatment 
of spasticity and pain in patients with ms. Even though research thus far has focused on 
different formulations of cannabinoids (eg, nabiximols), the findings of the present study 
indicate that the current formulation has the potential to play a role in the treatment of 
symptoms, including spasticity and pain associated with ms.

In conclusion, this study found that the current formulation of ecp002a exerts a simi-
lar effect on spasticity and pain as other Δ9-thc formulations that was detectable after 
2 weeks of treatment and was well tolerated in the target population. Based on our and 
other observations, spasticity and pain appear to be influenced by spasticity and pain ap-
pear to be influenced by Δ9-thc through higher-level central nervous system modulation 
of perception of spasticity rather than electrophysiologic muscle spasticity itself. Accord-
ingly, ecp002a may have a role in symptomatic treatment of spasticity and pain in ms.
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table 1 – Baseline characteristics. 

Total (n=24) Δ9-thc (n=12) Placebo (n=12)

Age, y Mean (sd) 54.3 (8.9) 57.3 (9.0) 51.4 (8.0)

  Range 38-73 41-73 38-64

Sex, No. (%) Male 8 (33.3%) 4 (33.3%) 4 (33.3%)

  Female 16 (66.7%) 8 (66.7%) 8 (66.7%)

Disease Duration, y Mean (sd) 11.5 (5.8) 10.3 (6.5) 12.6 (4.9)

Range 3-27 3-27 6-21

Spasticity, No. (%) Modified Ashworth score of 2 16 (66.7%) 8 (66.7%) 8 (66.7%)

  Modified Ashworth score of 3 8 (33.3%) 4 (33.3%) 4 (33.3%)

edss total score Mean (sd) 6.2 (0.9) 6.2 (1.2) 6.3 (0.5)

  Range 4.5-7.5 4.5-7.5 5.5-7.5

edss = Kurtzke Expanded Disability Status Scale

table 2 – Summary of analysis of measures of pharmacological effects during the challenge phase. 

lsm lsm Change From Baseline

Parameter Placebo Active Estimate of Difference 95% CI Placebo Active

objective and subjective measures for efficacy

h/m Ratio 0.333 0.326 -.007 (-.070, 0.057) 
 p=0.8238

-0.002 -0.008

nrs: spasticity 3.35 3.64 0.28 (-0.01, 0.58) 
 p=0.0595

-0.73 -0.45

nrs: neuropathic pain 2.75 2.71 -0.03 (-0.41, 0.34) 
 p=0.8470

-0.23 -0.27

objective measurements for secondary pharmacodynamic effects

Body sway, mm 775.3 919.4  18.6% (5.9%, 32.8%)
 p=0.0067

-2.0% 16.3%

Heart rate, beats /min 71.1 74.6  3.5 (1.4, 5.7) 
 p=0.0025

-1.0 2.5

subjective measurements for secondary pharmacodynamic effects

vas External log, mm 0.323 0.384 0.061 (0.028, 0.094) 
 p=0.0009

-0.022 0.040

vas Internal log, mm 0.321 0.352 0.030 (0.003, 0.057) 
 p=0.0295

-0.030 0.000

vas feeling high log, mm 0.322 0.542 0.220 (0.067, 0.373) 
 p=0.0070

0.019 0.239

vas Alertness, mm 54.5 52.7  -1.7 (-4.1, 0.6) 
 p=0.1342

1.3 -0.4

vas Calmness, mm 53.8 54.7  0.9 (-1.5, 3.3) 
 p=0.4289

1.8 2.7

vas Mood, mm 55.2 56.0  0.8 (-0.4, 2.0) 
 p=0.1699

0.5 1.4

h/m ratio = ratio of the maximum amplitude of the Hoffmann reflex to the maximum M response; lsm = Least Square Means;  
nrs = Numerical Rating Scale; vas = Visual Analogue Scale.
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table 3 – Summary of analyses of measures for efficacy during treatment phase. 

lsm Estimate of Difference (95% CI) lsm Change From Baseline

Parameter Placebo Active Overall Week 2 Week 4 Placebo Active

objective efficacy

h/m ratio (Score 0-1) 0.385 0.386 0.001 
(-.178, 0.179) 
P=0.9929

-.009 
(-.198, 0.180) 
 P =0.9216

0.031 
(-.069, 0.131) 
 P =0.5269

0.052 0.053

Ashworth (Score 1-4) 1.70 1.60 -0.11 
(-0.41, 0.19) 
 P =0.4615

-0.10 
(-0.52, 0.31) 
 P =0.6142

-0.11 
(-0.53, 0.30) 
 P =0.5888

-0.21 -0.32

subjective efficacy

nrs: spasticity  
(Score 1-10)

3.61 3.23 -0.38 
(-1.30, 0.53) 
P =0.3907

-1.00 
(-1.98, -0.03) 
P =0.0445

-0.31 
(-1.29, 0.66) 
 P =0.5176

-0.22 -0.61

nrs: spasticity  
(Score 1-10): subgroup 
(n=18)

4.50 3.81 -0.69 
(-1.79, 0.42) 
P =0.2038

-1.23 
(-2.39, -0.07) 
P =0.0387

-0.84 
(-2.00, 0.32) 
 P =0.1450

-0.46 -1.15

nrs: spasticity (Score 
1-10): subgroup (n=18) 
long-term treatment

4.52 3.57 -0.94 
(-2.05, 0.17) 
 P =0.0910

nrs: pain  
(Score 1-10)

2.95 2.15 -0.81 
(-1.66, 0.04) 
P =0.0618

-1.09 
(-1.98, -0.20) 
P =0.0183

-0.85 
(-1.74, 0.04) 
 P =0.0612

-0.21 -1.02

nrs: pain  
(Score 1-10):  
subgroup (n=17)

4.26 2.99 -1.27 
(-2.50, -0.04) 
P =0.0439

-1.69 
(-2.96, -0.41) 
P =0.0124

-1.38 
(-2.65, -0.10) 
 P =0.0360

-0.27 -1.54

nrs: pain (Score 1-10): 
subgroup (n=17)
Long-term treatment

4.25 2.74 -1.51 
(-2.75, -0.28) 
 P =0.0198

Diary: spasticity  
(Score 1-10)

3.65 3.56 -0.09 
(-1.99, 1.81) 
P =0.9195

Diary: pain  
(Score 1-10)

2.57 2.10 -0.47 
(-2.66, 1.71) 
P =0.6581

edss  
(Score 1-10):  
subanalysis

6.42 6.39 -0.03 
(-0.22, 0.17) 
P =0.7650

-0.12 
(-0.34, 0.11) 
 P =0.2935

 0.06 
(-0.16, 0.28) 
 P =0.5759

-0.05 -0.08

t25 feet walk  
(ft/sec):  
subanalysis

3.70 3.87  4.8%
(-7.8, 19.1%)
P =0.4425

 4.0%
(-9.1, 19.0%)
P =0.5481

 5.6%
(-7.8, 21.0%)
 P =0.4080

7.5% 12.6%

pgic  
(Score 1-7)

4.08 3.59 -0.49 
(-1.19, 0.21) 
 P =0.1632

-0.58 
(-1.33, 0.16) 
 P =0.1213

-0.39 
(-1.14, 0.35) 
 P =0.2900

-0.22 -0.71

psqi  
(Score 0-21)

4.15 5.15  1.00 
(-0.83, 2.84) 
 P =0.2688

 0.36 
(-1.62, 2.33) 
 P =0.7147

 1.64 
(-0.33, 3.62) 
 P =0.0996

-1.41 -0.41

fss  
(Score 1-7)

4.33 3.92 -0.42 
(-1.03, 0.20) 
 P =0.1769

-0.74 
(-1.43, -0.04) 
P =0.0382

-0.44 
(-1.13, 0.25) 
 P =0.2065

-0.13 -0.55

edss = Kurtzke Expanded Disability Status Scale; fss = Fatigue Severity Scale; h/m ratio = ratio of the maximum amplitude of  
the Hoffmann reflex to the maximum M response; lsm = Least Square Means; nrs: Numerical Rating Scale; pgic = Patients Global 
Impression of Change; psqi = Pittsburgh Sleep Quality Index; T25 feet walk = Timed 25 feet walk
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table 4 – Summary of analyses of measures for secondary pharmacodynamic effects during treatment phase. 

lsm Estimate Estimate of difference  
(95% CI)

lsm Change From 
Baseline

Parameter Placebo Active Treatment 
P-value

Overall Week 2 Week 4 Placebo Active

0bjective measurements

Body sway, mm 861.8 887.4 0.7024  3.0%
(-12.5%, 21.2%)
 p=0.7024

 9.8%
(-7.7%, 30.7%)
 p=0.2722

 0.5%
(-15.8%, 20.0%)
 p=0.9527

-6.4% -3.7%

sdst : total No of 
correct responses

55.5 55.8 0.0671  0.3 
(-0.0, 0.6) 
 p=0.0671

 -1.2 
(-2.7, 0.3) 
 p=0.1298

 2.5 
(0.9, 4.0) 
 p=0.0017

-0.1 0.2

sdst : Percentage 
of correct 
responses

97.73 97.84 0.0275 0.11 
(0.01, 0.20) 
P=0.0275

0.16 
(-0.92, 1.23) 
p=0.7745

1.58 
(0.50, 2.66) 
p=0.0042

-0.08 0.03

sdst : Average 
reaction time, 
msec

2944.1 2929.9 0.1521 -14.2
(-34.2, 5.77)
p=0.1521

137.1
(30.01, 244.2)
p=0.0123

-147
(-255, -39.0)
p=0.0078

-4.29 -18.50

subjective measurements

vas Bowdle: 
External log, mm

0.312 0.340 0.2153 0.028 
(-.018, 0.075) 
p=0.2153

0.038 
(-.013, 0.089) 
p=0.1421

0.034 
(-.018, 0.085) 
p=0.1890

-0.000 0.028

vas Bowdle: 
Internal log, mm

0.325 0.320 0.6331 -.005 
(-.026, 0.016) 
p=0.6331

-.002 
(-.026, 0.021) 
p=0.8285

-.010 
(-.033, 0.013) 
p=0.4011

-0.010 -0.015

vas Bowdle: 
feeling high log, 
mm

0.365 0.475 0.2020 0.110 
(-.063, 0.283) 
p=0.2020

0.113 
(-.074, 0.300) 
p=0.2277

0.159 
(-.028, 0.346) 
p=0.0935

0.064 0.174

vas Bond and 
Lader: Alertness, 
mm

51.2 52.1 0.3295  0.8 
(-0.9, 2.6) 
p=0.3295

 0.7 
(-1.2, 2.7) 
p=0.4550

 0.9 
(-1.0, 2.9) 
p=0.3348

-0.7 0.2

vas Bond and 
Lader: Calmness, 
mm

50.4 52.6 0.1422  2.2 
(-0.8, 5.3) 
p=0.1422

 3.3 
(0.1, 6.6) 
p=0.0462

 2.1 
(-1.2, 5.3) 
p=0.2046

0.1 2.4

vas Bond and 
Lader: Mood, mm

52.0 53.9 0.2469  1.9 
(-1.4, 5.2) 
p=0.2469

 2.0 
(-1.5, 5.4) 
p=0.2470

 2.6 
(-0.8, 6.0) 
p=0.1283

-0.1 1.8

sdst = Symbol Digit Substitution Test; vas = Visual Analogue Scale

table 5 – Population parameter estimates of 1-compartment pk model for Δ9-tetrahydrocannabinol. 

Parameter Finding (95% CI) % CV

ka, min-B 0.0033 (0.0025; 0.0042) 77.7

Lag time, min 5.26 (5.11; 5.41) -

Vd, L 285 (170; 479)

kMK, min-B 0.036 (0.022; 0.058) 19.6

cl /F, L*min-B 10.27 (8.72; 12.1) 19.6

TU , min 213.6 (165; 275) 77.8

ka = Absorption rate constant, kMK = Elimination rate constant.

chapter ii – effects of Δ9-thc on spasticity and pain in ms patients

table 6 – Overview of adverse events and incidence of events reported more than once.

Dose finding phase
No. (%)

Treatment phase
No. (%)

Adverse Event Δ9-thc (n = 24) Placebo (n = 24) Δ9-thc (n = 12) Placebo (n = 12)

Number of subjects with at least one adverse event 20 (83.3) 10 (41.7) 10 (83.3) 7 (58.3)

Number of different adverse events 15 9 34 15

Overview of adverse events (incidence >1)

nervous system 

Dizziness 6 (25.0%) 1 (4.2%) 7 (58.3%) 1 (8.3%)

Headache 3 (12.5%) 2 (8.3%) 6 (50.0%) 3 (25.0%)

Somnolence 6 (25.0%) - 3 (25.0%) 2 (16.7%)

Muscular weakness 1 (4.2%) 1 (4.2%) 4 (33.3%) 1 (8.3%)

Muscle spasticity - - 3 (25.0%) 3 (25.0%)

Paresthesia - 1 (4.2%) 2 (16.7%) -

Tremor 1 (4.2%) - 2 (16.7%) -

Tinnitus - - 2 (16.7%) -

psychiatric / mood

Euphoric mood 5 (20.8%) 1 (4.2%) 4 (33.3%) 2 (16.7%)

Disturbance in attention 1 (4.2%) 1 (4.2%) - -

Insomnia - - 1 (8.3%) 1 (8.3%)

general disorders and administration site conditions 

Fatigue 3 (12.5%) 2 (8.3%) 2 (16.7%) 3 (25.0%)

Feeling abnormal 4 (16.7%) - 1 (8.3%) 2 (16.7%)

Feeling hot 1 (4.2%) - 2 (16.7%) 2 (16.7%)

gastrointestinal 

Dry mouth 1 (4.2%) - 2 (16.7%) -

Nausea 1 (4.2%) - - 1 (8.3%)

Increased appetite 1 (4.2%) - 1 (8.3%) -

Δ9-thc = Δ9-tetrahydrocannabinol.
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figure 1 – Disposition of patients.

 
AEs = Adverse effects; Δ9-thc = Δ9-tetrahydrocannabinol.

figure 2 – Total daily dose of Δ9-thc prescribed per subject in the treatment phase  
(intake thrice daily) (n=12).
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figure 3 – Post hoc analyses: least square mean change from baseline time profile for Numerical Rating Scale (nrs) 
scores for spasticity (n=18) (a) and pain (n=17) (b).

a

b
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abstract
aim Intravenous high-dose free methylprednisolone hemisuccinate (mp) is the primary 
treatment for an acute relapse in relapsing-remitting (rr) multiple sclerosis (ms). How-
ever, it is inconvenient and its side effects are undesirable. Both dose and dosing frequency 
can be reduced by incorporating free mp in glutathione (gsh) pegylated liposomes, creat-
ing a slow-release formulation with reduced toxicity and prolonged peripheral efficacy. 
This first-in-human study was designed to assess the safety, pharmacokinetics (pk) and 
pharmacodynamics (pd) of gsh-pegylated liposomes containing mp (2b3-201).

methods The first part was a double-blind, 3-way cross over study in 18 healthy male 
subjects, receiving ascending doses of 2b3-201, active comparator (free mp) or placebo. 
Part 2 of the study was an open-label infusion of 2b3-201 (different doses), exploring 
pre-treatment with antihistamines and different infusion schedules in another 18 healthy 
male subjects, and a cross-over study in 6 healthy female subjects. mp plasma concentra-
tions, lymphocyte counts, acth, osteocalcin and fasting glucose were determined. Safety 
and tolerability profiles were assessed based on adverse events, safety measurements and 
cns tests.

results The most frequent recorded ae related to 2b3-201 was an infusion related 
reaction (89%). 2b3-201 was shown to have a plasma half-life between 24 and 37 hours 
and caused a prolonged decrease in the lymphocyte count, acth and osteocalcin, and a 
rise in fasting glucose. 

conclusion 2b3-201 is considered safe, with no clinically relevant changes in (cns) 
safety parameters and no serious adverse events. In addition, 2b3-201 shows a long plasma 
half-life and prolonged immunosuppressive effects. 

chapter iii – pharmacokinetics and pharmacodynamics of gsh-peg-liposomal methylprednisolone

introduction
Multiple sclerosis (ms) is one of the most prevalent neuro-inflammatory diseases and the 
leading cause of chronic disability in young adults. In ms, central nervous system (cns) 
infiltration of leukocytes leads to overt inflammation and demyelination and results in 
neuronal dysfunctionB. High-dose methylprednisolone hemisuccinate (free mp), given 
500-1000 mg daily for 3 to 5 consecutive days, is the primary treatment for an acute relapse 
in relapsing-remitting (rr) multiple sclerosisC. However, it is often given intravenously 
and causes undesirable short term and long-term side effects include insomnia, depression 
and agitationD?E.

Both dose and dosing frequency of glucocorticoids may significantly be reduced by 
incorporating steroids in (pegylated) liposomes, which is expected to result in reduced 
systemic toxicity while maintaining peripheral efficacyF. The additional conjugation of 
glutathione (gsh) to target active gsh transporters on the blood-brain barrier (bbb), has 
been shown to facilitate the delivery of the liposome-encapsulated drug into the brainG?H. 

2b3-201 is methylprednisolone hemisuccinate encapsulated in gsh-pegylated lipo-
somes and is developed with the aim to enhance the sustained delivery of mp into the 
brain, thereby potentially augmenting cns activity. Preclinical studies in animal models 
showed that 2b3-201 at therapeutic levels in animal models had fewer behavioural side 
effects (unpublished) and a superior efficacy compared to methylprednisolone hemisucci-
nateI–BA. Also, plasma circulation of 2b3-201 derived mp was significantly increased by en-
capsulation in gsh-pegylated liposomesBB. Based on these preclinical data we expected in 
human subjects a longer half-life and fewer side effects of 2b3-201 when compared to mp.

In this first-in-human study we aimed to assess the safety, pharmacokinetic and pharma-
codynamic profile of 2b3-201 in healthy male and female subjects. Plasma concentrations 
of lymphocytes, osteocalcin, acth and fasting glucose were used as pharmacodynamic 
endpoints, as intravenous administration of prednisolone causes rapid inhibition of 
the hypothalamic-pituitary-adrenal (hpa) axisBC, glucose homeostasis disturbances, and 
depletion of osteocalcinBD?BE and lymphocytesBF. cns effects were measured with the 
NeuroCartBG.

materials

Design

Initially a randomized, double-blind, placebo- and active comparator- controlled 3-way 
crossover study with three cohorts of 6 healthy males each, was performed. Subsequently 
the study was extended while applying a parallel open label design with four cohorts, each 
containing 6 healthy subjects. 

In cohorts 1, 2 and 3, a single dose of 150 mg, 300 mg and 450 mg 2b3-201 respectively 
was tested and compared to free mp and placebo (table 1). The time interval between the 
occasions in the cross-over parts was 1 week. Cohorts 4, 5 and 6 had a single dose of 300 mg 
(cohort 5) and 450 mg (cohorts 4 and 6) 2b3-201 tested while applying altered infusion 
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schedules and pre-treatment with clemastine. Cohort 7 included females and compared 
450 mg 2b3-201 to 1000 mg of free mp in a double-blind crossover design.

An interim analysis was conducted after completion of cohorts 1, 2 and 3 at which 
safety, pharmacokinetics and pharmacodynamics results were evaluated and a decision to 
continue to the next cohort was made. 

The study was approved by the Medical Ethics Committee of the bebo Foundation 
(Assen, The Netherlands). The study was conducted according to the Dutch Act on Medi-
cal Research Involving Human Subjects (wmo) and in compliance with Good Clinical 
Practice (ich-gcp) and the Declaration of Helsinki.

Subjects

Forty-six healthy subjects were recruited via the chdr database and advertisements. All 
subjects gave written informed consent and were subsequently medically screened be-
fore entry into the study. Healthy subjects were not allowed to smoke more than ten cig-
arettes per day and had to refrain from smoking during the study days. In the 48 h prior 
to the study days they were asked not to drink alcohol and to avoid xanthine- containing 
drinks. The use of medication was not allowed during the study period (except occasion-
al use of paracetamol, up to 1 g per day). Healthy subjects with a positive Mantoux test 
and or recent (less than 1 month prior to screening) or current significant infection, were 
not enrolled. 

Treatments

7 study cohorts with a total of 46 subjects received an infusion with 150 mg, 300 mg or 
450 mg 2b3-201, 300 mg or 1000 mg free mp, or placebo. An overview of all cohorts can 
be found in table 1. Subjects in cohorts 1-3 had 3 study periods, during which they either 
received 2b3-201, free mp or placebo (5% dextrose). Cohorts 4 and 6 received open label 
infusions of 450 mg 2b3-201, and cohort 4 also assessed the pre-treatment effect of 2 mg 
clemastine on adverse events. Subjects in cohort 5 received 300 mg 2b3-201, and were also 
pre-treated with clemastine. In cohort 6 a longer infusion duration was assessed. In cohort 
7 healthy female subjects received 450 mg 2b3-201 while being pre-treated with clemas-
tine, and 1000 mg free mp in a double blind two-way cross-over fashion.

Safety

Adverse events, electrocardiogram (ecg), lymphocyte count, fasting glucose, blood pres-
sure, and heart rate measurements were collected throughout the study. Twelve-lead 
ecg recordings were made using Electrocardiograph Marquette 800 /5500 or Dash 3000. 
Blood pressure and heart rate were assessed using a Nihon-Kohden bsm-1101K monitor 
or a Colin Pressmate bp 8800 or a Dash 4000. All ecg, blood pressure and heart rate 
measurements were performed after subjects had been resting in a supine position for at 
least 5 min. 
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Pharmacokinetics

Whole blood samples were taken for assay of the active component methylprednisolone 
and the encapsulated pro-drug methylprednisolone hemisuccinate. Blood samples were 
taken 0.25 h pre-dose and 0.25, 0.5, 1, 2, 4, 6, 8, 12, 24, 26, 48 and 72 hours post-dose for all 
cohorts, and up to 288 hours for cohorts 4-7. The blood was drawn in 2 mL NaF /K-oxalate 
tubes, directly placed on ice and then centrifuged (2000 g, 10 min, at 2-8°C), transferred to 
2 mL Sarsted tubes and stored at –80°C within 30 min after sampling. The concentrations 
of methylprednisolone and methylprednisolone hemisuccinate (mphs) in human sodi-
um fluoride/potassium oxalate plasma were determined using a validated liquid chroma-
tography with tandem mass spectrometry (lc-ms/ms) assays by Analytical Biochemical 
Lab (Assen, the Netherlands). The Lower Limit of Detection (lloq) was 1 ng/mL for meth-
ylprednisolone. Concentrations for methylprednisolone were calculated by interpolation 
from a calibration curve while applying a range of 1-1000 ng /mL.

The following pharmacokinetic variables were calculated: Area under the plasma con-
centration-time curve (auc) from time 0 to the time of the last quantifiable concentration 
(auc0-t) and from time 0 extrapolated to infinity (auc0-inf), maximal observed plasma 
drug concentration (Cmax), time to maximum observed plasma drug concentration (tmax), 
half-life (tU), volume of distribution (Vd) and clearance. For the non-compartmental 
analysis only mp concentrations up to 74 hours were used.

Pharmacodynamics

lymphocyte count Time points for measurement of lymphocytes were 2 hours pre-
dose (cohorts 1-3 only), 15 minutes pre-dose (cohorts 4-7) and 1, 2, 4, 8, 12, 24, 48 and 72 
hours post dose for all cohorts, and up to 288 hours post dose for cohorts 4-7. The 2 mL 
edta-sample was directly, without pre-processing, sent to a hospital haematology and 
chemistry lab for analysis. The normal range for lymphocyte count was 1.00-3.50 x10^9 /L.

osteocalcin Serum osteocalcin was measured several times per occasion: pre-dose 
on day 0, 8, 24, 48 and 72 hours post dose for all cohorts, and up to 288 hours post dose 
for cohorts 4-7. Intact osteocalcin was measured in serum with elisa BD, the normal range 
used was 0,4-4,0 nmol /L.

acth acth was measured 12 times per occasion. Samples were taken 0.25 h pre-dose 
and 0.25, 0.5, 1, 2, 4, 6, 8, 12, 24, 26, 48 and 72 hours post-dose for all cohorts, and up to 288 
hours post dose for cohorts 4-7. The acth samples (2 mL in an edta-tube) were put on ice 
directly, and centrifuged within 10 minutes. Normal range was <75 ng /L.

fasting glucose As a pharmacodynamics and safety marker, measurement of fasting 
glucose levels was performed. Samples were taken pre-dose, 2, 6, 12, 24 and 72 hours post 
dose for all cohorts, and up to 288 hours for cohorts 4-7. 2 mL was collected in a NaF tube, 
the used normal range was 3.1-6.4 mmol /L. 
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complement and ige To confirm if the observed infusion related reactions in co-
hort 1 were complement mediated and not allergic reactions, we measured for cohorts 
2-7 complement factors sc5b-9, C3a, C4d and Bb (4 mL blood edta tube) and IgE (2 mL 
blood, edta tube). These samples were taken pre-dose (depending on cohort at -20, -9 or 
-7 minutes) and 5, 30 and 120 minutes after start of the infusion.

cns tests cns tests performed with the NeuroCart included: pharmaco-eegBH–BJ, 
maze learningCA, visual verbal learning test, Stroop testCB, adaptive trackingCC, vas Bond & 
LaderCD and vas BowdleCE and saccadic and smooth pursuit eye movementsCF.

Statistics

To compare the pharmacodynamics and pharmacokinetics between treatments the mean 
and sd were calculated per time point by treatment. Cohorts with the same treatment are 
combined into one treatment group. For mp values below lloq are set to 0 ng /mL before 
dosing and set to half of lloq (0.5 ng /mL) after dosing. For acth all values below lloq 
were set to half of lloq (2.5 ng /L).

results 

Demographics

A total of 46 subjects participated in the study of which 41 completed the study. 5 subjects 
retracted consent during the study, 4 of them were replaced. The subjects that participated 
in this study were all healthy young adults, subjects’ characteristics are listed in table 2.

Safety

No clinically relevant changes were observed in ecg, physical examination and vital signs 
(temperature, heart rate, systolic and diastolic blood pressure). Safety laboratory assess-
ments for blood hematology, chemistry and urinalysis also showed no clinically meaning-
ful abnormalities with the exception of a decrease in lymphocytes, which will be discussed 
in more detail in the pharmacodynamics section. 

The most frequently reported adverse events related to 2b3-201 were infusion relat-
ed reactions, defined as any sign or symptom experienced by the subject within 4 hours 
after the start of the infusionCG?CH. Symptoms related to infusion that occurred within 4 
hours after start of the infusion, such as chest discomfort, urticaria, angioedema and back 
pain, were clusteredCI. Infusion reaction related symptoms were reported by 41 of the 46 
healthy subjects (89%). Other frequently reported adverse events were somnolence (15%), 
gastroesophageal ref lux disease (8%), back pain (not assessed as an infusion related reac-
tion) (8%), fatigue (8%) and dizziness (8%).

Pre-treatment with 2 mg clemastine (cohorts 4, 5 and 7) at 20 minutes before infusion 
did not result in fewer infusion related reactions: all subjects in these cohorts showed 
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symptoms of an infusion related reaction (see table 3). Not all infusion related reactions 
resulted in (temporary) halt of the infusion and /or lowering of the infusion speed. 

All adverse events were mild in severity, short lasting and self-limiting. One adverse 
event related to 1000 mg free mp was classified as moderate: a male subject (cohort 1) 
developed an acute tonsillitis with fever 3 days after the infusion. He was subsequently 
treated with feniticillin and fully recovered.

Complement and IgE measurements showed that 2b3-201 caused a parallel rise of C3a 
and Bb and no increase in C4d and IgE levels were observed (figure 1).

Pharmacokinetics

A concentration-time graph for methylprednisolone plasma concentration at different 
dose levels of 2b3-201 derived mp and free mp is shown in figure 2. Pharmacokinetic 
parameters per cohort are listed in table 4. Plasma concentrations of 2b3-201 derived mp 
were measured up to 7 days (300 and 450 mg), for 300 mg and 1000 mg free mp concentra-
tions were measurable until two days after infusion. 

2b3-201 derived mp had a maximum plasma concentration of 545 mg /mL (450 mg 
2b3-201), which contrasts the maximum plasma concentration of 7290 ng /mL for free mp 
(1000 mg). The tmax was 5.9 hours for 2b3-201 derived mp while free mp had a tmax of 2.16-
4.2 hours. Plasma half-life for 2b3-201 derived mp was between 24 and 37 h. Free mp had 
a half-life of 2.2- 4 hr. A t-test showed a significant difference in auc and Cmax (p-values of 
respectively 0.003 and 0.006) between males and females and in weight (p-value = 0.03), 
but not in bmi. Observed differences were tested for correlation with weight and bmi with 
a Spearman correlation. Correlation was found for weight, with values of -0.335 (weight 
and Cmax, p-value=0.03) and -0.39 (weight and auc, p-value=0.01), however not for bmi, 
with values of 0.11 (bmi and Cmax) and 0.052 (bmi and auc). Concentrations and pharma-
cokinetic parameters for mphs are not reported (data on file).

Pharmacodynamics

lymphocytes The effects of 2b3-201 derived mp, free mp and placebo on lympho-
cytes are shown in figure 3a. Administration of 2b3-201 and free mp resulted in a maximal 
decrease in lymphocyte count 6 to 12 hours after dosing. The decrease in lymphocyte 
count, persisted for 2 days after dosing after 150 mg 2b3-201 administration, for 3 days 
after dosing with 300 and 450 mg 2b3-201. Infusion of 300 mg and 1000 mg free mp re-
sulted in a maximal decrease for 24 hours. 7 days after dosing lymphocytes values for all 
active groups had returned to baseline.

acth acth concentrations were below the lower limit of quantification for almost all 
subjects 3 hours after administration of active study medication. The decrease of acth was 
sustained for 3 days (150 mg) and 4 days (300 and 450 mg) in the 2b3-201 dosing groups, 
whereas for free mp acth plasma levels were no longer decreased after the first day after 
dosing, demonstrated a slight compensatory increase on days 2 and 3, and had returned to 
baseline values from day 4 onwards.
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osteocalcin All the active treatment groups showed a decrease in osteocalcin con-
centrations in the first 24 hours after dosing. In the 1000 mg mp dosing group, osteocalcin 
concentrations started to rise again after 24 hours. For the 2b3-201 dosing groups, the 
decrease in osteocalcin concentrations persisted for at least 4 days. 

fasting glucose An increase in fasting glucose was visible for all active treatment 
groups. Peak concentrations were measured 12 hours after dosing for free mp cohorts, and 
15 hours after dosing for 2b3-201 cohorts. Fasting glucose concentrations were below 6 
mmol /L (the upper limit of subjects in fasting condition) after 2 days for cohorts with free 
mp and 150 mg 2b3-201. For subjects who received 300 mg and 450 mg 2b3-201, fasting 
blood glucose had returned to levels below 6 mmol /L after 4 days.

cns tests No relevant changes in the effects on cns between 2b3-201 and free mp 
could be observed.

discussion 
This first-in-human study with 2b3-201, a formulation of methylprednisolone-encap-
sulated gsh-peg liposomes, showed prolonged methylprednisolone concentrations in 
serum, and as a consequence a sustained decrease in the levels of lymphocytes, osteocalcin 
and acth and increased fasting glucose over a longer period of time. 

Based on pharmacokinetic properties, 2b3-201 acts like a slow release product. The es-
timated terminal half-life of 2b3-201 derived mp is ten times longer than free mp. Also, the 
Cmax is lower for 2b3-201 (360-545 ng /mL) than for free mp (5120-7290 ng /mL). Based on 
graphical inspection, it is likely that the pharmacokinetics of 2b3-201 derived mp is char-
acterized by first order kinetics. The observed pharmacokinetic profile of free mp corre-
sponded with literatureCJ?DA and information in the Summary of Product Characteristics. 

Pharmacokinetics of 450 mg 2b3-201 in women were different from 450 mg 2b3-201 
in men: The Cmax and auc were higher, and the half-life was longer (table 4). This can be 
explained by relative lower weight of women resulting in a higher concentration of mp 
in serum, and a longer residence time of 2b3-201 compared to men, as the clearance is 
comparable (men: 0.09-0.11 L /hr, women: 0.09 L /hr).

A limitation of the cross-over part of the study was the time interval between the co-
horts. In cohort 3, dosing of 450 mg of 2b3-201 resulted for two subjects in low concentra-
tions of mp study in pre-dose samples at the start of subsequent occasions. However, we 
believe that this did not influence the major outcome as pharmacodynamic parameters 
lymphocytes, acth and fasting glucose were back to baseline in less than 7 days after the 
infusion. Also, the other 4 subjects in cohort 3 did not have measurable pre-dose pharma-
cokinetic results.

As a consequence of prolonged plasma concentrations of 2b3-201 derived mp, a pro-
nounced decrease in lymphocytes was observed for all dose levels for 3 days, an effect that 
lasted markedly longer than in the free mp groups (1 day). Similar prolonged pharma-
codynamic effects were observed for the decreases in concentrations of osteocalcin and 
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acth, as well as a rise in fasting blood glucose. All these effects were present over a longer 
period of time after dosing 2b3-201 in comparison to free mp. Even though we observed 
prolonged effects of 2b3-201, we could not observe significant differences in effects on 
cns functioning between 2b3-201 and free mp. 

Treatment with 2b3-201 led to the occurrence of mild infusion related reactions in 89% 
of all subjects. Increased levels of complement concentrations were found in all subjects 
after receiving 2b3-201 300 mg and 450 mg, although not all subjects reported symptoms 
related to an infusion reaction (table 3). From this study we can conclude that comple-
ment is activated due to administration of 2b3-201, resulting in a rise in C3a (figure 1). 
With a simultaneous rise of complement factor Bb (specific for the alternative pathway, 
figure 1), and a lack of rise in C4d (figure 1) concentration (specific for classical pathway), 
we can conclude that 2b3-201 activated the alternative complement activation pathway. 
IgE concentrations (figure 1) were not increased, indicating no anaphylactic reaction was 
initiated. These results correspond well with what is known as ‘complement activation 
related pseudo allergy’ (carpa). The relationship between liposomal drug delivery and 
carpa is well known, and the observed symptoms in this study match those previously 
described by othersDB–DD.

There were a couple of adjustments described that may decrease the development of 
a carpa reaction. First adjustment is to start the infusion with a low infusion rateDB. We 
lowered the infusion rate during cohort 1. Also, lowering the infusion speed when symp-
toms occur, and re-challenging subjects has also reported to be effectiveCI. The same could 
be observed in our study: the infusions of only 3 subjects were eventually permanently 
halted as a result of an infusion related reaction. All other subjects received the complete 
infusion. 

Another study reported that a low concentration of liposomes in the infusion f luid also 
led to fewer infusion related reactionsDE, which was implemented in cohort 1. In cohorts 
2-7 the concentrations of the liposomes were however still relatively high, as compared to 
the adjusted concentration in cohort 1 without the observed infusion related reactions. 
The effect of pre-treatment with clemastine has been discussed in literatureCI?DE, and al-
though this had not been effective in all studies, it was decided to administer 2 mg clem-
astine 20 minutes before start of the infusion in cohorts 4, 5 and 7. In our study design, 
subjects received 2b3-201 once, so a reported decrease of infusion related reaction with 
multiple dosingDE of the same compound was not addressed. 

Our current actions did not lead to a decrease in the number of reported infusion 
related reactions, although we did observe a reduced need to change the infusion speed 
because of infusion related reactions. Reducing the concentration of the liposomes at the 
start of the infusion may offer a solution in the future.

Methylprednisolone is first choice in medication for acute relapses in ms DF?DG. In certain 
European countries usually 3 consecutive days of infusions are givenDH. Based on study 
results in 2015 which revealed that use of oral administration of mp was non-inferior to in-
travenous mp DI, the National Institute for health and Care Excellence (nice, uk) adapted 
their guidelineDJ accordingly. Nevertheless, use of intravenous mp remains part of clini-
cal practice especially for patients who suffer from severe relapses and those who do not 
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respond to oral treatment. With these practices in mind, use of 2b3-201 as a one-day 
intravenous treatment may be a good alternative.

Moreover, to reduce the burden of 3-5 days of hospital visits, and healthcare costs re-
lated to the days of admissions in other countries, a single infusion of 2b3-201 could be 
beneficial for patients and reduce side effects caused by high doses of mp. In the current 
study, 2b3-201 derived mp was measurable and active for 7 days after infusion, resulting in 
a sustained decrease of lymphocyte count, acth and osteocalcin, and an increase in fast-
ing glucose. Now, studies with single administrations in patients with rrms and a relapse 
measuring clinical improvement and comparing single administrations of 2b3-201 to 3 
day treatments with regular mp are warranted to demonstrate this further.

Despite the fact that the infusion related reactions were all mild and self-limiting, these 
reactions caused by 2b3-201 in the current setting were frequent and intense. mp treat-
ment in ms reduces symptoms of the ms relapse on the short-term, but for most patients it 
does not influence the disease progression in the long-termDG. It is important that the side 
effect profile is acceptable for the patient. The observed infusion related reactions, if not 
resolved, may therefore limit the future widespread use of 2b3-201 as a standard therapy 
for the treatment of relapses in patients with rrms.
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table 1 – Summary of study characteristics.

Cohort 1 2 3 4 5 6* 7

2b3-201 dose 150 mg 300 mg 450 mg 450 mg 300 mg 450 mg 450 mg

Population Healthy
males

Healthy 
males

Healthy 
males

Healthy 
males

Healthy 
males

Healthy 
males

Healthy 
females

Design Randomized Randomized Randomized Randomized

Crossover Crossover Crossover Crossover

Placebo-
controlled

Placebo-
controlled

Placebo-
controlled

Active 
comparator: 
methyl-
prednisolone

Active 
comparator: 
methyl-
prednisolone**

Active 
comparator: 
methyl- 
prednisolone

Active 
comparator: 
methyl-
prednisolone

Double blind Double blind Double blind Open-label Open-label Open-label Double blind

Number of 
subjects

6 6 6 6 6 6 6

* Cohort 6 had an infusion that was twice as long, data from this cohort has not been used in our pk and pd analyses.
** Dose of methylprednisolone was an intravenous infusion of 300 (cohort 2 only) or 1000 mg. 

table 2 – Subject characteristics.

Cohort 1 2 3 4 5 6 7

2b3-201 dose 150 mg 300 mg 450 mg 450 mg 300 mg 450 mg 450 mg

Population Healthy 
males

Healthy 
males

Healthy 
males

Healthy 
males

Healthy 
males

Healthy 
males

Healthy 
females

Age (years) 
mean (range)

25 
(20-30)

24.9  
(19-36)

25.3 
(20-45)

21.3 (19-25) 25.5 (20-35) 19.8 
(18-23)

23  
(20-30)

Weight (kg) 
mean (range)

77.6 
(66-95)

71.3  
(66-77)

75.5  
(68-88)

81.1 
(68.9-116.6)

71.0 
(59.8-85.6)

72.1 
(65.9-77.8)

66.8  
(54.4-81.2)

Height (cm) 
mean (range)

183.9 
(177-191)

179.9  
(159-189)

183.4  
(165-194)

184.9 
(178.4-199.6)

177.3 
(165.0-188.2)

184.2 
(179.2-191.5)

171.5 
(162.7-179.0)

bmi (kg/mC) 
mean (range)

23.0 
(20-28)

22.1  
(20-26)

22.6  
(18-26)

23.5 
(21.5-29.3)

22.7 
(18.4-25.2)

21.2 
(20.2-23.1)

22.8  
(19.1-26.9)

Number of 
subjects

6 6 6  
(1 dropout)

6 6 5 
(1 dropout)

6  
(2 dropouts)
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table 3 – Infusion related reactions (irrs) per cohort.

Cohort 1 2 3 4 5 6 7

2b3-201 dose 150 mg 300 mg 450 mg 450 mg 300 mg 450 mg 450 mg

No. of irrs 4 5 5 6 6 6 6

Infusion (temporary) stopped due to irr symptoms 2 3 5 2 4 6 3

table 4 – Pharmacokinetic parameters of methylprednisolone, calculated from 0-72 hours.

Dose (mg) Cohort Compound Cmax (ng mL-1) 
(sd)

tmax (h)  aucK-inf  
(ng h mL-1) (sd)

Ka (h-1)  
(sd)

T½ (h)  
(sd)

150 1 (n=6) 2b3-201 138 (37.1) 4.56 (1.3) 4370 (1000) 0.029 (0.0045) 24.4 (3.9)

300 2 (n=6) 2b3-201 375 (96.6) 4.48 (1.4) 13400 (3220) 0.028 (0.0032) 25 (2.5)

300 5 (n=6) 2b3-201 282 (35) 4.19 (0.9) 14800 (4060) 0.025 (0.0086) 31 (9.5)

450 3 (n=6) 2b3-201 501 (144) 4.85 (0.75) 17900 (2690) 0.024 (0.0029) 29.2 (3.5)

450 4 (n=6) 2b3-201 360 (57.5) 5.12 (1.4) 17400 (4020) 0.024 (0.0034) 28.9 (4.3)

450 7 (n=6) 2b3-201 545 (99.7) 5.90 (2.9) 31800 (15500) 0.0250 (0.010) 37.0 (29)

300 2 (n=6) Free mp 2140 (371) 2.67 (0.20) 11900 (2490) 0.258 (0.039) 2.74 (0.44)

1000 1 (n=6) Free mp 5930 (580) 2.16 (0.37) 27800 (7370) 0.286 (0.041) 2.47 (0.38)

1000 3 (n=6) Free mp 5120 (1120) 3.95 (0.029) 28800 (10800) 0.286 (0.032) 2.45 (0.30)

1000 7 (n=6) Free mp 7290 (1740) 4.20 (0.26) 42900 (13400) 0.208 (0.082) 3.81(1.6)

figure 1 – Mean values of Bb, C4d, C3a en IgE concentrations for 2b3-201, methylprednisolone and placebo.
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figure 2 – Serum methylprednisolone (mp) concentrations for 150, 300 and 450 mg 2b3-201, and 300 and 1000 mg mp. 
The concentrations of 150 mg 2b3-201 have only been measured for 50 h.

figure 3 – Pharmacodynamic measurements: graphs of lymphocyte count (a), acth concentrations (b), Osteocalcin 
concentrations (c) and fasting glucose concentrations (d) for different 2b3-201 doses, 300 and 1000 mg free 
methylprednisolone, and placebo.

4

6

8

10

G
lu

co
se

 c
on

ce
n

tr
at

io
n

 (
m

m
ol

/L
)

150 mg 2b3-201 150 mg 2b3-201 450 mg 2b3-201 1000 mg free mp Placebo

1 2 3

300 mg free mp

4 5 6

0

1

2

3

4

5

Time (days)

Ly
m

ph
oc

yt
e 

co
u

n
ts

 (
10

^9
/L

)

1 2 3 4 5 6 7

0

1

2

3

4

5

O
st

eo
ca

lc
in

 (
n

m
ol

/L
)

1 2 3 4 5 6 7

0

20

40

60

Time (days)

a
ct

h
 (

n
g/

m
L)

1 2 3 4 5 6 7

Time (days) Time (days)

150 mg 2b3-201 300 mg 2b3-201 450 mg 2b3-201 1000 mg free mp Placebo300 mg free mp

0
1

10

100

1000

10000

Concentration methylprednisolone

Time from start dosing (days)

150 mg 2b3-201
150 mg 2b3-201
450 mg 2b3-201
1000 mg mp

1 2 3

300 mg mp

4 5 6 7

0 50 100

500

1000

1500

2000 Mean C3a concentrations vs time

Time (minutes)

C
3a

 n
g/

m
L

2

4

6

8

10 Mean Bb concentrations vs time

B
b 

µg
/m

L

0 50 100

1

2

3

Time (minutes)

C
4d

 µ
g/

m
L

 

Mean C4d concentrations vs time

50

100

150

Mean IgE concentrations vs time

Ig
E

 I
U

/m
L

Placebo Methylpredisolone 2b3-201

0 50 100
Time (minutes)

0 50 100
Time (minutes)

 C
on

ce
n

tr
at

io
n

 m
p 

(n
g/

m
L)

Placebo Methylpredisolone 2b3-201

4

6

8

10

G
lu

co
se

 c
on

ce
n

tr
at

io
n

 (
m

m
ol

/L
)

150 mg 2b3-201 300 mg 2b3-201 450 mg 2b3-201 1000 mg free mp Placebo

1 2 3

300 mg free mp

4 5 6

0

1

2

3

4

5

Time (days)

Ly
m

ph
oc

yt
e 

co
u

n
ts

 (
10

^9
/L

)

1 2 3 4 5 6 7

0

1

2

3

4

5

O
st

eo
ca

lc
in

 (
n

m
ol

/L
)

1 2 3 4 5 6 7

0

20

40

60

Time (days)

a
ct

h
 (

n
g/

m
L)

1 2 3 4 5 6 7

Time (days) Time (days)

150 mg 2b3-201 300 mg 2b3-201 450 mg 2b3-201 1000 mg free mp Placebo300 mg free mp

IV  
a first-in-human study in 
healthy subjects of cnm-au8, 
gold nanoparticles with  
remyelinating properties.

KMS KanhaiB, RGJA ZuikerB, W HoughtonC, WG KramerD, K McBrideE,  
M MoerlandB, R EtheringtonC, GJ GroeneveldB

1 Centre for Human Drug Research (chdr), Leiden, the Netherlands 
2 Clene Nanomedicine, Salt Lake City, United States
3 Kramer Consultancy llc, North Potomac, United States
4 Instat, San Diego, United States

measuring pharmacodynamics in early clinical drug studies in multiple sclerosis 54

a b

c d



measuring pharmacodynamics in early clinical drug studies in multiple sclerosis 5756

abstract
aims 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 registrated gold-containing compounds. A first-in-human single ascending 
dose study (sad), followed by a 21-days multiple ascending dose (mad) study, was per-
formed to assess the safety and pharmacokinetics (pk) of cnm-au8. In vitro inflammatory 
challenge experiments were performed to investigate possible pd effects.

methods The sad phase included 4 cohorts of 8 subjects (ratio active:placebo 6:2), 
mad phase consisted of 4 cohorts of 12 subjects (ratio active:placebo 9:3). Dosages used 
were 15 mg, 30 mg, 60 mg and 90 mg cnm-au8 or matching placebo. Safety and tol-
erability profiles were assessed based on adverse events (aes), vital signs, ecgs, routine 
laboratory measurements and extra kidney markers. Pharmacokinetic parameters were 
calculated using non-compartmental analyses and modelling. An in vitro inflammatory 
challenge was performed in whole human blood samples and pbmcs to investigate po-
tential modulation of tlr9 signaling by cnm-au8.

results The most frequent reported ae related to cnm-au8 was abdominal pain 
(20%) cnm-au8 had a plasma half-life between 11.5 to 26.2 days, and a first dose tmax be-
tween 3.3 and 3.5 hours. No anti-inflammatory effects of cnm-au8 were observed in the 
in vitro challenge, and therefore no ex vivo pd measurements were implemented in the 
clinical study. 

conclusions This study demonstrates that cnm-au8 has a good safety profile, which 
appears to be more favorable than existing gold formulations. The low concentrations 
and unusual pharmacokinetic profile correspond to the reported data on gold nanopar-
ticles. The next step in the development is to determine whether cnm-au8 possesses anti-
inflammatory effects and remyelinating effects.

chapter iv – gold nanoparticles pharmacokinetics in healthy volunteers

introduction
Gold has been used in the treatment of various diseases since the beginning of civilization 
and is mentioned in documents dating as early as 2500 bcB. Although it has been uti-
lized for centuries, the exact mechanism of action of gold as a therapeutic agent remains 
uncertainB–D. 

The negatively charged surface of gold particles can adhere strongly to proteins in 
serum, and more than 80% binds to albuminE. Which protein attaches to the gold particle 
subsequently determines its fateF. The protein-bound gold nano-particle (np) distributes 
to different tissues in the bodyG, and has been found to be present at higher concentra-
tions in inflamed tissueH. How gold particles influence immunological responses may be 
through internalization by macrophages, which has been previously reportedF. It is hy-
pothesized that gold ions alter the function of macrophages by inhibiting their lysosomal 
enzymes and lowering the production of pro-inflammatory cytokinesI–BD.

Currently, the gold complexes that are used in clinical practice (e.g. aurothiomalate 
and auranofin), are prescribed as immunomodulating therapies, predominantly in the 
treatment of rheumatoid arthritisBE¿BF. However, side effects including pruritus, dermati-
tis, stomatitis, diarrhea, proteinuria, and less frequently hematological abnormalities, are 
reported in up to 50% of patients and are an important reason to discontinue therapyBE¿BG. 

It is hypothesized that adverse events related to gold complexes may be specifically re-
lated to the covalent formulations of the gold complexes rather than to the activity of gold 
per seBE¿BH. For this reason, cnm-au8 was developed, a highly concentrated suspension of 
non-covalently bound, clean-surface faceted gold nanocrystals.

In mice treated with cuprizone, a well-known pre-clinical model for demyelinationBI, 
cnm-au8 consistently led to myelin protection and enhanced remyelination (unpub-
lished, sponsor documents on file). For this reason cnm-au8 is being developed for the 
treatment of demyelinating disorders such as multiple sclerosis (ms) and neuromyelitis 
optica (nmo).

In this first in human study we aimed to assess the safety and pharmacokinetics (pk) of 
cnm-au8. First, a single ascending dose study (sad) was performed, followed by 21-days 
multiple ascending dose (mad) study. In vitro inflammatory challenge experiments were 
performed to investigate possible pharmacodynamic effects.

methods
Design

This was a first-in-human, randomized, double-blind, placebo-controlled, study in healthy 
male and female subjects. The study had two phases: a single ascending dose (sad) phase 
and a multiple ascending dose (mad) phase. The sad study consisted of 4 cohorts with 8 
subjects per cohort, randomly assigned to receive cnm-au8 or placebo in a 3:1 ratio. Subse-
quently the mad phase of the study was performed, which consisted of 4 cohorts of 12 sub-
jects randomly assigned to receive cnm-au8 or placebo (in a 3:1 ratio) once daily for 21 days. 
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An interim analysis was conducted after completion of each cohort. Safety data, collected 
until one week after last dosing, was used in interim safety reports and was evaluated be-
fore it was decided to continue to the next cohort. 

The study was approved by the Medical Ethics Committee of the bebo Foundation 
(Assen, The Netherlands). The study was conducted according to the Dutch Act on Medi-
cal Research Involving Human Subjects (wmo) and in compliance with Good Clinical 
Practice (ich-gcp) and the Declaration of Helsinki. 

Subjects

Eighty healthy subjects between the age of 18 and 45 years (inclusive) were recruited via 
the research institute database and advertisements. All subjects gave written informed 
consent and were subsequently medically screened before entry into the study. Healthy 
subjects were not allowed to smoke and had to refrain from smoking during the study 
days. Subjects were asked not to drink alcohol from 3 days before start of the study until 
follow-up. The use of medication was not allowed during the study period, with the excep-
tion of hormonal contraceptives. Subjects were asked to use double-barrier contraception 
from two weeks before start of the study until 3 months after the study. 

Treatments

cnm-au8 is an aqueous suspension of clean surfaced nanocrystals consisting of gold 
atoms self-organized into crystals of various faceted, geometrical shapes (hexagonal bi-
pyramid, pentagonal bi-pyramid, tetrahedron, decahedron, planar spheroids). The fac-
eted gold nanocrystal suspension is concentrated to 1 mg /mL (1,000 ppm) Au. The drug 
substance is pure elemental Au nanocrystals suspended in deionized water buffered with 
0.545 mg /mL sodium bicarbonate (NaHCOD) resulting in an aqueous formulation. The 
colour of the suspension is dark red to purple with a pH within the range of 8.3 to 9.3. 
cnm-au8 has been developed for oral administration. Dosages used in this study were 
15 mg, 30 mg, 60 mg and 90 mg cnm-au8 or matching placebo. Using the Food and 
Drug Administration guidelinesBJ a starting dose of 15 mg was selected. Multiple safety 
and toxicology studies across diverse species (with maximum feasible dosing studies of 
cnm-au8 up to 90 mg /kg /day) did not demonstrate any acute or sub chronic toxicities, 
and accordingly a maximum tolerated dose (mtd) was not identified. These studies did 
show incidental decrease of blood platelet count and accumulation of small amounts of 
gold in the kidneys, without affecting renal function. During a 28-day study in dogs with 
10 mg /kg /day, a half-life (tU) of 333 hours, a Cmax of 11.9 ng /mL, and a tmax at 24 hours 
were observed. The No Observed Adverse Effect Level (noael) was 10 mg /kg /day. The 
planned cnm-au8 dose levels in this study were 15, 30, 60, and 90 mg cnm-au8. Based 
on the noael, an equivalent human dose was determined to be approximately 5.4 mg /
kg. In a 60-kg human subject, the selected starting dose of 15 mg cnm-au8 represents a 
safety margin of 20-fold. 

chapter iv – gold nanoparticles pharmacokinetics in healthy volunteers

Safety

Adverse events (aes) were monitored and electrocardiogram (ecg), blood pressure, and 
heart rate measurements were performed throughout the study. Twelve-lead ecg record-
ings were performed using Electrocardiograph Marquette 800 /5500 or Dash 3000. Blood 
pressure and heart rate were assessed using a Nihon-Kohden bsm-1101K monitor or a 
Colin Pressmate bp 8800 or a Dash 4000. All ecg, blood pressure and heart rate measure-
ments were performed after subjects had been resting in a supine position for at least 5 
minutes. 

In addition to standard haematological, chemical and coagulation laboratory measure-
ments, kidney injury markers Kidney Injury Marker- 1 (kim-1), alpha-glutathione S-trans-
ferase (α-gst) and neutrophil gelatinase-associated lipocalin (ngal)CA were measured in 
the multiple dose cohorts. For kim-1 analysis, 2 X 2.0 mL of urine was collected in Sarstedt 
tubes per time point and stored at -80ºC. For α-gst 2 X 800 µL of urine was collected in 
Sarstedt tubes per time point, mixed with 200 µL urine stabilizing buffer (bio85stb, Ar-
gutus Medical®) and stored at -80ºC.

For ngal analysis, 2 X 2.0 mL of urine was collected in Sarstedt tubes per time point 
and stored at -80ºC.

Pharmacokinetics

Whole blood samples were taken for measurement of gold concentration in blood. In 
the sad cohorts, blood for pk analysis was collected at 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, 96,120, 
144, 168, 192, 216, 240, 264, 288, and 312 hours after dosing (± 2 hours for blood samples 
collected from 24 hours onward). In the mad cohorts, blood for pk analysis was collected 
during the day on days 1, 7, 14 and 21 (at 1, 2, 3, 4, 6, 8, 12 hours after dosing and 24 hours). 
During the other dosing days (days 3-6, 9-13, and 16-21) and on selected days after the last 
dosing (days 23-28, 32, 36, 40 and 49) one pk sample was taken per visit.
The blood was collected in tubes with potassium (K2) edta, transferred to 2 mL Sarstedt 
tubes and stored at –80°C. Blood concentrations of cnm-au8 were determined using a 
validated Inductively Coupled Plasma – Mass Spectrometer (icp-ms) analytical method 
by Clene Nanomedicine (Havre de Grace, United States). The Lower Limit of Detection 
(lloq) used was 1.5 ng /mL for the sad part and subsequently upgraded to 0.75 ng /mL for 
the mad part after introduction of new icp-ms instrument with greater sensitivity. 

Pharmacodynamics

In a series of in-vitro experiments, inflammatory challenges were performed on pbmcs 
and hirudinized whole blood from 4 healthy volunteers (who did not participate in the 
Phase 1 clinical trial). We assessed the effect of cnm-au8 on in vitro toll-like receptor -9 
(tlr9)-mediated cytokine release after stimulation with well-characterized tlr9 agonists. 
pbmcs and whole blood samples were incubated with a concentration range of cnm-au8 
for 6 to 24 hours. Subsequently, tlr9 ligands CpG (Cytosine phosphodiester and Guanine 
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triphosphate) or ss-dna /lyovec were added to the culture, for an additional 3 to 24 hours. 
The response was quantified by measurement of cytokine release in culture supernatant 
(pan ifnα, il-6, il-1β, tnfα). This in vitro study was performed to explore whether cnm-
au8 exerts anti-inflammatory effects. In that case, the tlr9 challenge would have been 
included as pharmacodynamic assay in the mad part of the clinical study.

Statistics

All pk parameters were calculated using non-compartmental analysis.Whole blood con-
centrations below lloq were taken as 0 for the calculation of the descriptive statistics for 
whole blood gold concentrations at each sampling time. All pharmacokinetic calculations 
were done and individual subject whole blood concentration-time graphs were prepared 
using sas® for Windows® Version 9.4.

Individual pharmacokinetic parameters for cnm-au8 were summarized with descrip-
tive statistics. Pharmacokinetic parameters such as the maximum observed plasma con-
centration (Cmax), time to Cmax (tmax), the area under the plasma concentration versus 
time from time 0 to time of measurable plasma concentration after 24 hours (auc0-24h) 
and terminal-phase half-life (t½) were calculated using non-compartmental analyses and 
pharmacokinetic modelling.

results
The study was performed between April 2015 and October 2016. Cohort 1 (single dose of 
15 mg) was repeated due to a new batch of cnm-au8 during the study. 

Demographics

A total of 86 subjects participated in the phase 1 study of which 83 completed the study. 
Due to circumstances for cohort 5 (multiple dose, 15 mg) 10 subjects were enrolled (instead 
of the planned 12 subjects). Three subjects discontinued the study after dosing: one sub-
ject retracted consent during the follow-up phase of the mad study, one subject of a mad 
cohort missed only the last follow-up visit and drug administration for one subject dosing 
in a mad cohort was stopped after a pregnancy was confirmed. The group of subjects that 
participated in this study was a healthy young adult population, the subjects’ characteris-
tics can be found in table 1. 

Safety

Overall for both the sad and mad phases of the study, routine clinical laboratory as-
sessments, vital signs, ecgs, and physical examinations did not reveal clinically notable 
findings; none resulted in serious aes or aes leading to discontinuation of treatment.  
As no reference ranges for normal values for kim-1, α-gst, or ngal have been established 
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to date, observed values from this study were compared to data previously obtained from 
healthy volunteers in other studies (data on file). Exploratory statistical analyses did not 
identify any relevant change from baseline of the three kidney injury markers (kim-1, 
α-gst, or ngal) across the 4 dosing groups of cnm-au8 (15 mg, 30 mg, 60 mg, and 90 mg) 
over the course of the mad phase. 
Most subjects receiving cnm-au8 experienced at least one ae, but not all aes were re-
lated to the compound. The treatment-related aes reported by 3 subjects or more, are 
summarized in table 2. The most frequently reported, compound-related, ae for subjects 
who received cnm-au8 was abdominal pain (20%). These symptoms were mild, mostly 
intermittent and all self-limiting. For subjects who received placebo, the most reported 
ae was headache (28%). Other frequently reported aes for cnm-au8 were mainly gastro-
intestinal: diarrhea (7 subjects with cnm-au8, 1 subject with placebo), nausea (5 subjects 
with cnm-au8, 1 subject with placebo) and discolored feces (3 subjects with cnm-au8, 0 
subjects with placebo).

There were no serious aes, no aes leading to discontinuation of treatment, and no aes 
were considered severe.

Pharmacokinetics

For the single dose cohorts, only one whole blood Au concentration was measured above 
the lloq (1.5 ng /mL), in one subject who received 15 mg cnm-au8. Consequently, no pk 
analysis could be done for the sad phase of the study, and the pharmacokinetic analysis 
was based completely on the multiple dose cohorts.
A concentration-time graph for gold plasma concentration at different dose levels of cnm-
au8 is shown in figure 1. Based on pre-specified fit criteria, the elimination t½ could be 
calculated for only 39% of the subjects and the geometric mean ranged from 277 to 628 hr 
(11.5 to 26.2 days).Steady-state plasma concentrations for all cohorts, based on the geomet-
ric mean whole blood concentrations, were reached by the end of the 2nd week of dosing 
(Day 14). The geometric mean whole blood concentrations from 1 week onward increased 
in a dose-related but not dose-proportional manner.This was also the case for days 14 and 
21, where the increases in both Cmax and auc (K–MO) were less than dose proportional and the 
exponents for the power model for both parameters, ~0.43, were considerably lower than 
1, indicating a less than dose proportional increase in exposure. Pharmacokinetic param-
eters per dose are shown in table 3.

In vitro pharmacodynamic experiment 

cnm-au8 pretreatment of whole blood or pbmc cultures did not result in an inhibition of 
tlr9 -driven cytokine release, as investigated in an in vitro experiment. In contrary, higher 
concentrations of cnm-au8 enhanced nfκB - (il-6, il-1β, tnfα),and irf-mediated cyto-
kine secretion (figure 2). Based on this outcome, it was decided to not implement a tlr9 
challenge as ex vivo pharmacodynamic assay in the clinical study.
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discussion
This first-in-human study assessed single (sad) and repeated doses (mad) of oral cnm-
au8 over 21 consecutive days. The studied dose ranged from 15 to 90 mg cnm-au8 and was 
considered safe and well tolerated. The main reported adverse event was mild self-limiting 
abdominal pain. Pharmacokinetics were characterised by a long half-life and were less 
than dose proportional.

Gastro-intestinal (gi) adverse events (aes) occurred in 32% of subjects after cnm-au8 
administration. This is comparable to the ae profile of auranofin, an oral gold-containing 
compound that leads to gi related aes in approximately 40% of casesB?CB. It is important 
to mention that the treatment dosages of auranofin leading to adverse events are consid-
erably lower than those of cnm-au8; 3-9 mg compared to 15-90 mg respectivelyCC. This 
seems to confirm the hypothesis that a gold formulation with less covalent bonds, as it the 
case for cnm-au8, is associated with fewer adverse eventsBE?BH. gi side effects were rarely 
reported after intramuscular aurothiomalate administration leading to the assumption 
that route of administration may also be of importanceB?CD?CE. It has been suggested that 
in response to auranofin elevated cyclic amp in gut mucosal cells results in outpouring of 
intracellular contents, leading to gi complaintsCF, which can also be relevant for cnm-au8 
as this is an oral suspension. 

Another side effect often associated with gold-containing compounds is rash, which 
has been related with its parenteral administration. It has been reported in 12% subjects 
taking auranofin and in 30-50% for aurothiomalateB. Although the exact mechanism is 
unknown, early studies report elevated IgE count in some patientsCG and a significant 
relationship between rash as side effect and smokingCH. In our study, cnm-au8 was orally 
administered and no rash was observed. Subjects in our study were requested to refrain 
from smoking from 2 months prior to the study until the final follow-up. 

Literature reports 0-40% incidence of proteinuria due to use of auranofin or aurothio-
malate CI and that the use of therapeutic dosages can affect renal tubular cells CJ. This study 
did not detect any relevant increase or change from baseline across the 4 dosing groups 
of cnm-au8 during the mad phase for renal injury markers kim-1, α-gst and ngal. As 
also no abnormalities in urine related to kidney failure and no symptoms associated with 
renal insufficiency were observed, we conclude that no nephrotoxic effect of cnm-au8 
has occurred in this study. We concluded that cnm-au8 15-90 mg per dose for 21 days was 
safe and well tolerated.

The low concentrations of cnm-au8 measured in blood are in line with reported bioki-
netics of gold nanoparticles: gastro-intestinal absorption is limited (animal studies report 
incomplete absorption of less than 5% within 24h)DA?DB. The passage of gold nanoparticles 
across the gastro-intestinal epithelium appears to proceed in a prolonged fashion. There 
is an ongoing debate on the absorption route, but the most recent data suggest entry into 
the circulation might be through the lymphatic pathwayDB. In animal studies, 10% of cir-
culation nanoparticles is trapped by the liver after entry into the circulation and a part 
is redistributed again. The role of protein binding and interaction of circulating cellular 
elements on the biokinetics is not fully understoodDB.

chapter iv – gold nanoparticles pharmacokinetics in healthy volunteers

Studies show a high accumulation of gold in secondary tissue, and gold detected 6 months 
after injection in expected organs (liver) and in less expected organs (brain, spinal cord, tes-
tis)G?DA–DD. This could explain the unusual pk curve of cnm-au8 with gradually increasing 
concentrations, eventually reaching a plateau. Data suggest that biodistribution of gold 
nanoparticles is modulated over long periods of time, and it some have mentioned that 
short-term pharmacokinetic studies should be interpreted with great cautionDB.

This atypical behaviour of nanoparticles makes it difficult to compare cnm-au8 phar-
macokinetics to auranofin and aurothiomalateDE. It is clear that these registered com-
pounds lead to higher blood concentrations than cnm-au8. Conversely, the long half-life 
that was reported for cnm-au8 (11-26 days) is very comparable to that of auranofin (15-25 
days), and of aurothiomalate (10-35 days)B?DF. A long half-life can be explained by gold dis-
tributing widely into different tissues and it being inert. The body can’t metabolise gold, 
and after distribution into the tissues it can be redistributed at a later time pointDG.

As cnm-au8 was not intravenously administrated, but orally, absolute bioavailability 
and volume of distribution could not be determined. Therefore these pk parameters of 
cnm-au8 can’t be compared to other compounds in the same class, such as e.g. the oral 
formulation of auranofin, which has a limited bio-availability of 20-30%DE 

It is known that size and shape of the nanoparticle influence absorption in the intes-
tine, accumulation, toxicity and interactionDA?DH?DI.The size of the nanocrystal size of cnm-
au8 is 10-30 nm and can be expected to allow rapid absorption by intestinal epithelial 
cells compared to larger nanocrystal sizes, and has less tendency to accumulate in these 
cells when compared to larger non-particlesDH. The small size of the nanoparticle would 
suggest a good bio-distribution throughout the body, compared to larger-sized particles 
(50-100 nm). 

Unfortunately, none of the animal studies that were performed with cnm-au8 report-
ed a minimal anticipated biologic effect level (mabel). However, based on information 
from the cuprizone experiment we have tried to determine the human equivalent dose 
needed to observe a comparable pharmacological effect.

In the cuprizone experiment C57bl /6 mice were given cnm-au8 (51 ppm) ab libitum 
for 5 weeks. Average f luid intake of mice is approximately 4 mL per day, which would 
result in a daily intake of 0.204 mg of cnm-au8, which is approximately 8.16 mg /kg for a 
C57bl /6 mouse with an average weight of 25 gramsDJ. The corresponding human equiva-
lent doseEA is 0.65 mg /kg. For a human subject weighing 65 kg this would be 42.2 mg. This 
should be well in the range of dosages tested in our study (15-90 mg per day).

An in vitro experiment in whole blood did not show any inhibitory effect of cnm-au8 
on tlr9 -mediated inflammation. This design of the experiment was based on a report of 
Tsai et al from 2012, describing the effect of different sizes of gold nanoparticles on tlr9 
signallingEB. Rather than an inhibition of the inflammatory response by cnm-au8, an en-
hancement of the tlr9 -driven ifnα release was observed at higher gold concentrations. 
Based on this exploratory experiment, it was decided to not further explore the potential 
interference of cnm-au8 in tlr9 signaling. Although this main objective of the study was 
to determine safety and pharmacokinetics, the absence of a pharmacodynamic marker is 
a limitation of this study.
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The use of gold-containing medication has declined during the past decadesB. This is likely 
the result of the high occurrence of side effects in combination with the limited efficacy. 
In the treatment of rheumatoid arthritis (ra), methotrexate became the mainstay of treat-
ment due to a superior benefit to risk ratio. The current new gold formulation showed 
fewer side effects in this clinical study and demonstrated anti-inflammatory and remy-
elinating effects in nonclinical studies. cnm-au8 was also tested in the experimental auto-
immune encephalomyelitis (eae) model for msEC. And although cnm-au8 demonstrated 
remyelinating effects in the cuprizone model, treatment with cnm-au8 in the eae model 
had no beneficial effects. Despite these conflicting results, the clearly remyelinating ef-
fects in the cuprizone model were deemed an important reason to explore the effects in 
patients with demyelinating diseases such as nmo, for which there is still a great unmet 
medical need. Also, previous studies support the exploration of gold-formulation in neu-
rological diseasesD?I?CE. cnm-au8 may offer an important possible treatment option for 
nmo, ms, and perhaps other neurological disease. 

As the compound seems to have a favorable safety profile, additional studies will show 
if limitations that are known for gold-containing compounds, are also applicable to cnm-
au8. This study demonstrates that cnm-au8 has a good side effect profile, more favorable 
than old gold formulations. The next step in the development is to demonstrate cnm-au8 
possesses anti-inflammatory effects in vivo and remyelinating effects as observed in non-
clinical studies.
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table 1 – Subject disposition per treatment

Single dose cohorts Multiple dose cohorts

15 mg 30 mg 60 mg 90 mg Placebo 15 mg 30 mg 60 mg 90 mg Placebo 

N 12 6 6 6 10 8 9 9 9 11

Male (%) 5 (41.7) 3 (50.0) 3 (50.0) 2 (33.3) 4 (40.0) 5 (62.5) 5 (55.6) 4 (44.4) 5 (55.6) 7 (63.6)

Female (%) 7 (58.3) 3 (50.0) 3 (50.0) 4 (66.7) 6 (60.0) 3 (37.5) 4 (44.4) 5 (55.6) 4 (44.4) 4 (36.4)

Mean age (years) 23.5 21.8 24.5 25.8 29.5 25.9 22.0 26.7 28.1 27.8

Mean height (cm) 176.4 173.7 179.3 169.3 173.3 174.2 181.2 174.0 174.2 177.8

Mean weight (kg) 69.8 66.8 77.2 64.7 75.6 70.0 76.2 70.8 72.5 77.3

bmi (kg  /mC) 22.2 22.1 23.9 22.6 25.2 22.7 23.1 23.4 23.9 24.2

table 2 – Summary of treatment-emergent adverse events reported by 3 subjects or more.

Total Single dose cohorts Multiple dose cohorts Placebo (n=21)

(active /
Placebo)

15 mg
(n=12) 

30 mg 
(n=6) 

60 mg 
(n=6)

90 mg 
(n=6)

15 mg 
(n=8)

30 mg 
(n=9)

60 mg 
(n=9)

90 mg 
(n=9)

Subjects with any 
related ae

34 /13 2 (16.6) 2 (33.3) 5 (83.3) 5 (83.3) 5 (62.5) 4 (44.4) 3 (33.3) 8 (88.9) 13 (61.9)

Abdominal pain 13 /2 0 0 0 0 1 (12.5) 5 (55.6) 2 (22.2) 4 (44.4) 2 (9.5)

Headache 11 /6 1 (8.4) 0 1 (16.7) 0 1 (12.5) 1 (11.1) 1 (11.1) 6 (66.7) 6 (28.6)

Diarrhea 7 /1 0 0 3 (50) 0 1 (12.5) 1 (11.1) 0 3 (33.3) 1 (4.8)

Nausea 5 /1 0 0 0 0 1 (12.5) 0 1 (11.1) 3 (33.3) 1 (4.8)

Feces discolored 3 /0 0 0 0 0 0 0 0 3 (33.3) 0

table 3 – Overview of pharmacokinetic parameters per dose for multiple dose cohorts.

Parameter* Multiple dose cohort 
15 mg / day

Multiple dose cohort 
30 mg / day

Multiple dose cohort 
60 mg / day

Multiple dose cohort 
90 mg / day

Mean CV(%) or sd* Mean CV(%) or sd* Mean CV(%) or sd* Mean CV(%) or sd*

Day 
1

Cmax (ng /mL) ‡ ‡ 2.818 113.94 1.853 105.57 5.678 53.11

Tmax (hr) † ‡ ‡ 3.286 4.855 3.389 8.162 3.515 8.441

auc (K–MO)
 (hr X ng /mL) ‡ ‡ 55.186 110.77 37.79 111.76 109.862 53.44

Day 
7

Cmax (ng /mL) 1.219 30.16 1.792 61.37 1.494 47.33 1.724 93.35

Tmax (hr) † 4.864 8.551 5.007 8.858 3 4.183 6.283 7.567

auc (K–MO) 
(hr X ng/mL) 20.335 50.33 30.524 146.5 19.32 352.38 14.48 610.6

Day 
14

Cmax (ng /mL) 1.399 32.96 1.641 65.94 1.975 74.27 2.27 75.81

Tmax (hr) † 3.286 4.271 6.579 2.759 6.402 7.351 10.358 8.28

auc (K–MO)
 (hr X ng/mL) 30.726 31.71 17.993 416.38 35.687 101.09 41.978 102.13

Day 
21

Cmax (ng /mL) 1.53 38.26 1.982 39.89 2.348 60.57 3.326 118.99

Tmax (hr) † 12.126 8.526 10.964 17.505 14.469 15.189 7.619 7.386

auc (K–MO)
 (hr X ng/mL) 32.317 44.76 41.41 40.69 50.267 62.42 66.017 120.7

TU (hr) 276.694 35.47 512.941 61.55 355.75 29.89 628.487 17.84

* Geometric mean and geometric cv (%) except Tmax for which the median and sd is reported.
† Relative to the dose on the study day.  ‡ All concentrations were below loq and no pk parameters could be estimated.

figure 1 – Geometric mean blood concentrations of gold after multiple oral administration of cnm-au8 per dose level.

figure 2 – cnm-au8 concentration versus ifnα release in ssdna /lyovec- 10 μg /mL) and CpG/dotap - (5 μM) stimulated 
whole blood cultures from 1 healthy donor (6 hr incubation with cnm-au8, followed by 24 hr incubation with tlr9 
trigger).
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abstract
Therapeutics promoting myelin synthesis may enhance recovery in demyelinating diseas-
es such as multiple sclerosis (ms). However, no suitable method exists to quantify myelina-
tion. The turnover of galactosylceramide (myelin component) is indicative of myelination 
in mice, but its turnover has not been determined in humans. Here, six healthy subjects 
consumed 120 mL 70% dMo daily for 70 days to label galactosylceramide. We then used 
mass spectrometry and compartmental modeling to quantify the turnover rate of galac-
tosylceramide in cerebrospinal f luid. Maximum deuterium enrichment of body water 
ranged from 1.5 to 3.9%, while that of galactosylceramide was much lower: 0.05–0.14%. 
This suggests a slow turnover rate, which was confirmed by the model-estimated galacto-
sylceramide turnover rate of 0.00168 day-B, which corresponds to a half-life of 413 days. 
Additional studies in patients with ms are needed to investigate whether galactosylce-
ramide turnover could be used as an outcome measure in clinical trials with remyelin-
ation therapies. 

chapter v – beta-galactosylceramide kinetics in healthy subjects

introduction
Multiple sclerosis is a highly prevalent inflammatory disease that affects the central ner-
vous system, causing progressive disability. Multiple sclerosis is characterized by a loss of 
myelin combined with incomplete remyelination, leading to a progressive demyelination 
of nerves in the central nervous system. Current treatments for multiple sclerosis are de-
signed to inhibit the inflammatory component of the diseaseB. However, increasing the re-
myelination process is another promising strategy, which may improve patient outcomeC. 
Enhancing remyelination may also be beneficial for other demyelinating diseases such as 
neuromyelitis optica, Krabbe disease and metachromatic leucodystrophy.

Because of interest in remyelinating therapies, there is a need for methodologies that 
quantify remyelination in a clinical setting. Unfortunately, no such methodology current-
ly exists; the use of several imaging techniques has been explored, but no single technique 
is sufficiently sensitive, specific for myelin and correlated to clinical outcomeD. 

An alternative way to assess myelin kinetics would be to quantify the turnover rate of 
a relevant myelin component. Different components of myelin have a different turnover 
ratesE?F. Although there are no lipids that are absolutely specific for myelin, galactosylce-
ramide (a cerebroside, also known as galactosylcerebroside) is the most typical of myelinF. 
The half-replacement time of galactosylceramide is 94–250 days in adult mice, but has 
never been determined in humansE. In mice, the turnover of galactosylceramide has been 
reported to be a good measure of myelination, while several other myelin components 
correlated poorly with myelinationG. By quantifying the turnover of galactosylceramide 
in humans, a measure for (altered) myelin kinetics might be obtained.

The ability to monitor demyelination and remyelination is essential to determine 
possible therapeutic efficacy of interventions that enhance remyelination. The imaging 
techniques that are currently being used to try to quantify this process are, however, not 
sufficiently sensitive or specificD.

The myelin sheath that surrounds most axons in the central nervous system is a spiral 
structure that arises from an extension of the plasma membrane of oligodendrocytes. The 
thickness of the myelin sheath is dynamic and may be modulatedH. Myelin is composed 
of 40% water and 60% dry mass. The dry mass is composed of 70% lipids and 30% pro-
teins; this high concentration of lipids facilitates the rapid conduction of action potentials 
along the nerve fiber. In the adult brain, the various components of myelin have specific 
turnover ratesF. The most specific myelin degradation product is β-d -galactosylceramide 
(24:1) (β-galc)F.

Stable isotope labeling is commonly used to study the in vivo kinetics of biomoleculesI–
BB. This method relies on the labeling of a precursor and the subsequent quantification of 
the labeled target molecule over time. The stable isotope can be a direct precursor (e.g., a 
labeled amino acid for incorporation into proteins) or a more upstream precursor (e.g., 
deuterated water (dMo) or labeled glucose). Animal studies have shown that deuterium 
levels up to 15% are generally without harmful effectsI?J?BC. In humans, continuous admin-
istration of dMo administration over several months – resulting in deuterium levels of 1-2% 
in body water – did not result in adverse effectsBD?BE.
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After the stable isotope has been administered, mass spectrometry can be used to measure 
labeling of the target molecule. This technique separates molecules based on differences 
in mass (due to different isotope compositions), but not chemical structure. The resulting 
data can then be interpreted using several methods, for example mass isotopomer distri-
bution analysis or compartmental modeling of both the precursor and target moleculeBF.

Here, we used a 70-day deuterium labeling protocol, combined with mass spectrometry 
and compartmental modeling, to estimate the turnover rate of β-d-galactosylceramideCE?B 
(β-galc) in healthy human subjects. 

materials and methods
Pre-study simulation

A pre-study simulation of the expected deuterium enrichment of body water and β-galc 
was performed to support the study design. Assuming a daily body water clearance of 2 L 
and a total body water volume of 50 L, the half-life of deuterium in body water was set to 
a conservative estimate 17 daysE?BG. Because the turnover rate of β-galc in humans is un-
known, we used the reported half-life for young adult mice of 90 daysE. After simulations 
of different study designs, a 70-day labeling period with daily consumption of 120 mL of 
70% dMo was selected (figure 1). With this dosing regimen, the peak deuterium fraction 
in the total body water was estimated to reach 0.037 at day 70; after the dosing regimen 
ended, this fraction returned to baseline by day 200 (i.e., 130 days after the last dMo dose). 
The peak deuterium fraction in β-galc was expected to reach 0.013 at approximately 30 
days after the last dMo dose. 

Study design

During the study, the six healthy subjects were instructed to consume 120 mL of 70% dMo 
daily for 70 days. Weekly urine samples were collected and used to measure the percent-
age of dMo in the subject’s total body water. The subjects also underwent four lumbar 
punctures (lps) for csf collection. Blood was collected for safety measurements (routine 
hematology and chemistry). The lps and venous punctures were performed 35, 70, 94, 
and 167 days after the start of the study. Because initial results indicated slower kinetics 
of β-galc than expected, the study protocol was amended to include an additional long-
term lp. This lp was taken at approximately 1.5 (subjects 3-6) or 2.0 (subjects 1 and 2) years 
after the start of the study.

Subjects

Healthy male or female subjects between 18 and 70 years old with a body mass index of 18 
to 30 kg  /mC were to be enrolled after having given written informed consent. The subjects 
underwent a full medical screening, including medical history, a physical examination, 
blood chemistry, hematology and virology (hepatitis B, C and hiv) urinalysis and elec-
trocardiogram (ecg) to assess eligibility. Key exclusion criteria were: contraindications for 
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lumbar puncture, clinically significant abnormalities during screening, regular user of 
any illicit drugs or history of drug abuse or a positive drug screen at screening. 

Study approval 

The study was approved by the Medical Ethics Committee of the bebo Foundation (Assen, 
The Netherlands). The study was conducted according to the Dutch Act on Medical Re-
search Involving Human Subjects (wmo) and in compliance with Good Clinical Practice 
(ich-gcp) and the Declaration of Helsinki.

Measurement of deuterium enrichment in the total body water

dMo content in total body water was calculated using a derivatization reaction with a 
ketone followed by gas chromatography /mass spectroscopy (gc-ms) analysis. The deu-
terium fraction in the urine sample was calculated using the ratio of deuterated to non-
deuterated forms. Measuring dMo in urine established as reliable marker of body water 
dMo, and also used in other studies I?BB?BH. Urine was used because its collection is least 
invasive for subjects participating.

Measurement of deuterium enrichment of β-galc

β-galc was extracted from the csf using a chloroform-methanol mixture. After isola-
tion and subsequent evaporation of the organic layer, an aliquot of the reconstituted 
sample was injected into a high-performance liquid chromatography system (Shimadzu 
Nexera lc30; ’s Hertogenbosch, the Netherlands) equipped with a Kinetic C18 column 
(100×3.0 mm, 2.6 µm; Phenomenex, Utrecht, the Netherlands) that was kept at ambient 
temperature. A gradient elution using 5% acetonitrile /95% water (v/v), 1% formic acid /5% 
acetonitrile /94% water (v/v/v), and acetonitrile as mobile phase was used to separate the 
β-galc from matrix components and was delivered at a f low rate of 0.8 mL/min into the 
electrospray ionization chamber of the mass spectrometer. Quantification was achieved 
with ms–ms detection in positive ion mode using an ab sciex Triple Quad™ 5500 
lc-ms/ms (Nieuwerkerk aan den IJssel, the Netherlands) equipped with a Turboion-
spray™ interface at 650°C. The ion spray voltage was set at 5500 V. The source param-
eters: curtain gas Ion source gas 1 and 2, and collision gas were set at 30, 40, 60, and 6 
psi, respectively. The compound parameters: the declustering potential (dp), collision 
energy (ce), entrance potential (ep), and collision cell exit potential (cxp) were 121, 129, 
10, 15 V for β-galc. Detection of the ions was carried out in the multiple-reaction moni-
toring mode (mrm), by monitoring the transition pairs of 810.6 Y 630.6 amu (M0),  
m/z 811.6 Y 631.6 (M1), m/z 812.6 Y 632.6 (M2), m/z 813.6 Y 633.6 (M3), m/z 814.6 Y 

634.6 (M4), m/z 815.6 Y 635.6 M5), m/z 816.6 Y 636.6 (M6), … and m/z 819.6 Y 639.6 
(M9), where Mi is the β-galc mass isotopomer with i additional neutrons compared 
to the mass isotopomer without any heavy isotope (M0). Quadrupoles Q1 and Q3 were 
set on unit resolution. The analysis data obtained were processed by Analyst software™ 
(version 1.5)C. 
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The isotopomer data of β-galc was used to calculate the change in average number of 
additional neutrons (the replacement of a hydrogen atom by a deuterium atom adds 
one neutron to β-galc). This was then divided by the total number of hydrogen atoms 
in β-galc HI to yield the change from baseline of the average deuterium fraction of the 
hydrogen atoms in β-galc BI.

Compartmental model

A compartmental model that describes the turnover of body water (precursor) and 
β-galc (product) was fit to the data using the non-linear mixed effects modeling program 
nonmem, version 7.3.0 BJ. The first-order conditional estimation with interaction method 
was used to estimate typical parameter values and their inter-individual variability. Inter-
individual variability was only included in the model when it significantly (p<0.05) im-
proved the model fit (minus two times the log likelihood reported by nonmem).

The body water turnover was characterized with two structural parameters: the daily 
water input /output and the size of the total body water pool. A theoretical estimate of 
subjects’ total body water – based on their sex, height, weight and age – was used as a co-
variate for daily water input /output CA. This model described the deuterium enrichment 
of body water over time.

The production of β-galc from the (indirect) precursor body water was characterized 
with two structural parameters: fraction of β-galc with a fast turnover, and the turnover 
rate of that fraction. The turnover rate of the remaining fraction of β-galc (with a slow 
turnover) was assumed to have a negligible impact on the β-galc deuterium enrichment 
in this study, and was therefore not estimated (i.e., assumed to be zero).

results
Clinical study 

Six healthy adult subjects were enrolled in the study; their demographics are summarized 
in table 1. All subjects completed the study, and all of the reported adverse events were 
mild and transient. Most frequent reported adverse events were headache (14%) and na-
sopharyngitis (10%). No post-dural puncture headache occurred. All subjects appeared to 
reach steady state deuterium enrichment in body water during the 70-day labeling period. 
There was considerable inter-individual variability in the extent of body water enrich-
ment, with maximum values ranging from 0.015 to 0.039. Body water enrichment de-
creased rapidly after the last dMo dose: to an average of 16.3% of maximum levels on day 93.
The maximum deuterium enrichment of β-galc was about 25-fold lower than that of 
body water and ranged from 0.0005 to 0.0014. The enrichment of β-galc decreased slow-
ly: at day 167, the β-galc enrichment was still high (92% of maximum enrichment on 
average). Even 1.5–2.0 years after the start of the study, a measurable β-galc enrichment 
above baseline was still present in all subjects (average 41% of maximum enrichment, see 
figure 2).

chapter v – beta-galactosylceramide kinetics in healthy subjects

Compartmental model output

Inter-individual variability was only estimated for daily water input /output; for the other 
structural parameters it did not result in a significantly improved model fit. The inter-
individual differences in deuterium enrichment of β-galc were attributed exclusively 
to differences in deuterium enrichment of body water (precursor). The compartmental 
model was used to fit the data, resulting in an adequate characterization of the deuterium 
enrichment of both body water and β-galc (figure 3 and 4). 

The final model’s parameter estimates and variability are summarized in table 2. Al 
parameters were estimated with good precision (i.e., low standard errors). The typical 
values for the daily water input /output (3.25 L) and the size of the total body water pool 
(35.5 L) correspond to a turnover rate constant of 0.092 or a body water half-life of 7.6 days. 
The estimated β-galc turnover rate constant (of the fast fraction) is much lower: 0.00168, 
which corresponds to a half-life of 413 days. This slow β-galc turnover is consistent with 
its relatively low, but long-lasting deuterium enrichment. 

discussion
Here, we report that orally administered deuterated water can be used to label and track 
the metabolism of β-galc in human subjects, and these data can be used to estimate the 
turnover rate for this myelin breakdown product. The low, but long-lasting enrichment 
shows that β-galc has a slow turnover. We used compartmental modeling to character-
ize this turnover, as it allowed us to account for differences in deuterium enrichment of 
body water between subjects and within subjects over time. With this empirical model, we 
estimated a half-life of 413 (352–499) days for β-galc in csf. Importantly, the turnover of 
β-galc has been reported for miceCB, but this has never been reported in human subjects. 
An estimated fraction of β-galc with a fast turnover was included in the model to accu-
rately describe the β-galc enrichment data. While this factor does not have a direct physi-
ological meaning, one possible interpretation would be that β-galc in csf is produced 
from two metabolic compartments. One compartment would represent myelin with a 
shorter half-life (413 days, as estimated by the model). The other compartment would 
turnover even more slowly, to the extent that the amount of deuterium enrichment pres-
ent in its breakdown products after a 70-day labeling period is negligible. In this inter-
pretation of the empirical model, the estimated fraction of β-galc with a fast turnover 
then represents the fraction of β-galc in the csf that originates from the compartment 
with a ‘fast” turnover. This combination of fast and slow turnover seems physiologically 
plausible, as it has been described for various myelin components in animals: cholesterol, 
galactosylceramide, sulfatide and phospholipidsE?CC.

One of several possible interpretations of these data is that there is a more stable meta-
bolic pool consisting of inner layers of myelin that may be less accessible for metabolic 
turnover and that some of the newly formed myelin remains in outer layers and stays 
accessible for whatever mechanisms are involved in catabolism, thus accounting for the 
rapid turnover of this poolF. 
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The thickness of myelin sheath can be modified by oligodendrocytes, and oligodendro-
cyte turnover contributes to myelin remodeling. However, we expect the effect of oligo-
dendrocyte turnover to be minimal as myelination has been shown to be considerably 
more dynamic than oligodendrocyte generation in human white matterH. Different my-
elin dynamics in different parts of the brain are not taken into account in our study as we 
estimated the average β-galc turnover.

It is important to realize that the turnover of β-galc does not necessarily represent 
the turnover of myelin. Two scenarios are possible: either the myelin turnover is slower 
than the β-galc turnover and therefore rate limiting, or the β-galc turnover is slower 
than myelin turnover and therefore rate-limiting. β-galc kinetics would only be a suit-
able marker of myelin turnover if the myelin turnover is slower and therefore the rate 
limiting step. If β-galc kinetics are rate limiting, it would be not suitable as a marker of 
myelin kinetics. We believe it is far more likely, however, that myelin turnover is rate limit-
ing. First of all, a previous study in mice demonstrated that labeling of β-galc with dMo 
provided a good proxy marker for myelin turnover.G Secondly, most metabolic processes 
in the human body have a much faster turnover than 413 daysCC–CE and it is therefore far 
more probable that the β-galc turnover that we measure is this slow because β-galc is at-
tached to the myelin surrounding nerves, and nerves are known to have an extremely slow 
turnoverCD. Conversely is unlikely that β-galc removal from the csf compartment would 
be rate limiting and therefore influence the slow turnover of β-galc that we report here. 
csf proteins in general have a residence time in the csf of hours to days, maybe some of 
weeks, but not of months to yearsG?CE–CG. An average adult human produces approximately 
500 mL of csf per day, which, with an average csf volume of 150 mL, will lead to replace-
ment of all circulating csf more than three times daily. It would be hard to imagine how 
any molecule could reside in the csf for months without being removed. It is therefore 
far more likely that if we measure deuterated β-galc in the csf over a very long period of 
up to 1.5 years, that there is a continuous source of shedding of β-galc into the csf from 
a reservoir, which we know from the literature to be myelin in the cnsCH.In conclusion, 
although the turnover of β-galc does not necessarily represent the turnover of myel-
inG, β-galc found in the csf is most likely produced by the breakdown of myelin in the 
central nervous system, and β-galc csf kinetics therefore likely ref lect myelin turnover. 

A measurement of the turnover rate of myelin in mice of various ages revealed that 
the turnover rate ranged from 94 to 250 daysCB. This rate differs considerably from the rate 
that we observed in healthy human subjects. However, such a difference in the rate of a 
metabolic process between humans and mice is not unexpectedCI–DA. For example, previ-
ous studies reported that the overall turnover rate for proteins in mice is nearly ten-fold 
higher in mice than in humansCD. The rate of cholic acid synthesis is 9.3-fold higher in mice 
than in humans, and the rate of cholesterol synthesis is 16-fold higher in mice. These differ-
ences are consistent with our observed difference between mice and humans with respect 
to the apparent turnover rate of myelin. Although it is likely that the turnover of myelin is 
correlated with age, the relatively low number of subjects in our study precluded the pos-
sibility of drawing any meaningful conclusions with respect to the relationship between 
age and turnover rate. 

chapter v – beta-galactosylceramide kinetics in healthy subjects

Here, we used compartmental modeling to accurately describe deuterium enrichment 
in body water and labeling of β-galc during and after chronic ingestion of deuterium. 
Our use of compartmental modeling enabled us to interpret the isotope labeling data in 
the absence of steady-state labeling of any precursor. This was an important feature of 
our study, as the deuterium fraction in body water did not reach steady-state levels for 
a significant part of the study duration. It is also important to note that the model and 
its estimated parameters are empirical. As body water is not an immediate precursor of 
β-galc, the apparent myelin turnover rate constant should not be interpreted as a mea-
sure for β-galc turnover. Instead, it is a single rate constant for the entire biochemical 
pathway between body water and β-galc in csf. As this pathway includes the synthesis 
and degradation of myelin, the estimated turnover rate constant of β-galc may, however, 
be suitable as a biomarker for the kinetics of myelin. Interestingly, the model did not 
improve upon including inter-individual variability in the myelin kinetics; correcting for 
the individual differences in body water turnover appeared to explain most of the inter-
individual variability seen in the deuterium enrichment of β-galc as well. This suggest 
that the variability in myelin kinetics in healthy human subjects is modest, although con-
firmation of this would require a study with more than six subjects.

The method that we describe here, in which we measured the deuterium enrichment 
of β-galc in csf of healthy human subjects, may be used to test novel therapeutic inter-
ventions designed to enhance remyelination. Currently, the demyelination and remy-
elination process is measured with mri. A recent review evaluated imaging modalities 
that may be better suited to measuring myelin content in vivo, including magnetization 
transfer ratio, restricted proton fraction f (from quantitative magnetization transfer 
measurements), myelin water fraction, diffusion tensor imaging, and positron emission 
tomography (pet) imagingD. Unfortunately, no individual modality provides sufficient 
sensitivity or specificity for myelin, nor can any individual method provide a suitable cor-
relation with clinical featuresD. pet imaging using [BBc]pib and [BBc]medas are promising 
imaging modalities. However, further studies are needed in order to validate their use, par-
ticularly with respect to the study of multiple sclerosis in human patientsD. We therefore 
suggest that stable isotope labeling using dMo may be a more useful method for measuring 
demyelination and remyelination. Drugs that can increase remyelination are currently 
being developed. Therefore, a method for quantifying remyelination is essential in order 
to determine the efficacy of such drugs. In this respect, we suggest that our method for 
measuring myelin kinetics may provide superior results compared to the imaging modali-
ties that are currently available.

In a proof-of-concept study with a compound that is expected to enhance remyelin-
ation, it may not be necessary to follow-up subjects for the same 1.5–2.0-year period of 
this study. This is because peak β-galc enrichment is probably more indicative of my-
elination than the elimination phase of β-galc. So, there would be no need to measure 
long-term elimination of deuterium from β-galc. This could shorten the study duration 
to as little as 15 weeks: 10 weeks of deuterium labeling and 5 weeks of wash-out to allow 
β-galc to reach peak enrichment. 5 weeks is approximately five times the calculated 
half-life of dMo disappearance from body water. In the absence of ongoing dMo labeling, 
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deuterium-enrichment of the β-galc cannot further increase when dMo has been washed-
out from body water. 

In this study, we developed a safe methodology to measure the turnover rate of the my-
elin component β-galc in humans, which is likely indicative of myelination. Additional 
studies in patients with ms are needed to validate this method as an outcome measure in 
clinical trials with remyelination therapies.

The ability to accurately measure the rate of myelin formation and breakdown may 
be used to measure pharmacological effects of novel drugs designed to increase remyelin-
ation, thereby facilitating the development of a more effective treatment for patients with 
multiple sclerosis or other demyelinating diseases /disorders. 

supplemental material
Compartmental model equations 

The model describing body water enrichment after chronic administration of dMo in-
cludes a single compartment that represents the deuterium fraction in the body water 
pool (A1). As the total body water pool is considered to be constant, water input and out-
put are balanced. The rate constant for body water turnover (Kbw) is based on the daily dMo 
dose (ddd), daily water input /output (dwi), and total body water pool (bw), as shown in 
Equation 1. If no deuterium dose is given, Kbw simplifies to dwi divided by bw.

Because the actual daily water intake of the subjects was not monitored, it was treated as 
an unknown parameter and estimated with the model. Inter-individual variability was 
identified for dwi. Total body water (tbw, calculated with Watson formula) was normal-
ized by the mean of the study population (35.6 liters), and implemented as a linear covari-
ate for dwi, as shown in Equation 2.

Where dwi i is the estimated daily water intake of subject i, dwitv is the typical daily water 
intake for a subject with total body water of 35.6 liters. The inter-individual variability of 
daily water intake (after taking tbw into account) is described with eηi, which represents a 
log-normal distribution with a median of 1 and a variance that is estimated by the model.

The fraction of the water input that is deuterated (Df) is based on ddd and dwi, as 
shown in Equation 3.

chapter v – beta-galactosylceramide kinetics in healthy subjects

The system is considered to be well mixed; thus, the deuterium fraction in the water out-
put is equal to the deuterium fraction in the body water pool. Hence, the differential 
equation describing the change in fraction of dMo (dA1) over time (dt) is described using 
Equation 4.

The previous equations 1–4 describe the deuterium enrichment in body water (A1) over 
time. This is then used as input for Equation 5, which describes the deuterium enrichment 
of the fraction of β-galc with a faster or non-negligible turnover. 

Where dA2  /dt is the change in deuterium enrichment over time, Kβ-galc is the β-galc 
turnover rate constant and A1 is the enrichment of body water. Considering that the deu-
terium enrichment of the β-galc fraction with a slower turnover is negligible in the pres-
ent study, the average deuterium enrichment of β-galc can be obtained with Equation 6.

Where A2 is the deuterium enrichment of the β-galc with a faster turnover and Sβ–galc is 
the fraction β-galc with a faster turnover.
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table 1 – Subject characteristics 

Characteristic Mean (range) or number (%)

Age (years) 28.2 (19–67)

sex

Male 2 (33)

Female 4 (67)

Weight (kg) 67.5 (56.8–87.5)

Height (m) 1.75 (1.64–1.90)

bmi 21.9 (19.3–25.3)

 bmi = Body Mass Index

table 2 – Parameter estimates derived from the final model 

Estimate rse (%)a iivb

dwi (L·day-1) 3.25 6.55 15.5

bw (L) 35.5 3.24 ne

Kβ-galc (day-1) 0.00168 8.81 ne

Sβ-galc 0.379 9.66 ne

Additive error body waterC 0.00130 20.5 na

Additive error β – galcC c 0.000116 19.7 na

rse=Relative standard error, na=not applicable, ne=not estimated; a=Relative standard error, calculated from nonmem’s reported 
standard error; b=Coefficient of variation (%) of interindividual variability (iiv); c=Residual variability expressed as standard deviation 

figure 1 – Pre-study simulation of the deuterium enrichment of total body water and β-galc after 70 days of 
consuming a daily dose of 120 mL of 70% dMo. The vertical dashed line indicates day 70.
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figure 4 – Individual baseline-corrected β-galc deuterium enrichment profiles and model predictions during and 
following 70 days of oral dMo administration. In each panel, the observations are represented as dots, and the model 
prediction is shown as a dashed grey line. The vertical dashed line indicates day 70. Baseline samples were healthy 
volunteer csf samples from a biobank.

cfbl = Change from baseline

figure 2 – The isotopomers of β-galc and how the relative quantity of each isotopomer changes over time during and 
after 10 weeks of dMo labeling. D0 implies that the β-galc molecule has no extra neutron, while d1, d2 , d3 , d4 means 
that the β-galc molecule has 1, 2, 3 and 4 extra neutrons as determined by mass spectrometry. In the baseline sample 
(pool, day 0) the d1, d2 , d3 , and d4 isotopomers are also present, which is due to natural occurrence of stable radio-
isotopes in food substances (primarily c13).

figure 3 – Individual body water deuterium enrichment profiles and model predictions over time during and following 
70 days of oral dMo administration. In each panel, the individual observations are represented as dots, the population 
predictions are represented as a dashed dark grey line, and the individual prediction is represented as a dashed light grey  
line. The vertical dashed line indicates day 70. 
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abstract 
background The majority of the available disease modifying therapies for Multiple 
Sclerosis (ms) reduce inflammation. These therapies do not yet target remyelination and 
neuronal degeneration, which is a major contributor to progressive disability in ms. The 
development of remyelinating therapies will benefit from a method to quantify myelin 
kinetics in patients with ms. In this study we labeled myelin in vivo with deuterium, which 
allowed us to model the kinetics of the myelin breakdown products β-galactosylceramide 
(β-galc) and n-Octadecanoyl-sulfatide (no -Sulf).

methods Five patients with ms, and six healthy subjects received 120 mL 70% dMo 
daily for 70 days to label β-galc and no -Sulf. Mass spectrometry and compartmental 
modeling were used to quantify the turnover rate of β-galc and no -Sulf in cerebrospi-
nal f luid. The turnover rate of patients was compared to changes in mri Magnetization 
Transfer-ratio of both normal appearing white matter and lesions.

results The turnover rate constants of the fractions of β-galc and no -Sulf with non-
negligible turnover were 0.00186 and 0.00714 in ms patients, which corresponds to a 
turnover half-life of 373 days and 96.5 days, respectively. The effect of ms on the no -Sulf 
(49.4% lower fraction with non-negligible turnover) was more pronounced compared to 
the effect on β-galc turnover (18.3% lower fraction with non-negligible turnover).

conclusions The kinetics of myelin breakdown products in the csf are different in 
patients with ms compared with healthy subjects. This can be caused by slower myelin 
production in these patients, by a higher level of degradation of a more stable component 
of myelin, or, most likely, by a combination of these two processes.

Deuterium labelling in combination with lumbar punctures is a useful method for 
quantification of metabolic processes of the central nervous system. This method can be 
used to quantify myelin turnover in patients with progressive ms and can therefore be 
used in proof of concept studies with remyelination therapies. 

chapter vi – myelin kinetics in ms patients

background
Multiple sclerosis (ms) affects millions of individuals worldwide and is the most common 
autoimmune disorder of the central nervous system (with estimated 2 million patients)B. 
Despite the fact that the disease has been known for more than 180 years, the exact patho-
physiology of the disease is not clearC?D. ms is primarily an inflammatory disorder of the 
brain and spinal cord in which focal lymphocytic infiltration leads to damage of myelin 
(demyelination) and axonsE. The majority of the available disease modifying therapies for 
ms reduce inflammation. However, these therapies do not enhance remyelination or in-
hibit neuronal degeneration, which is a major contributor to progressive disability in msF.

Development of compounds that stimulate remyelination is seen as an important 
target for drug development. Examples of such compounds are anti-lingo antibodiesG, 
rhigm22 antibodiesH, OlesoximeI, and Quetiapine fumarateJ. The most direct way to 
demonstrate pharmacological effects of these compounds in future proof-of-concept stud-
ies is the quantification of myelin formation or remyelination. 

Currently, there are several methods to quantify remyelination in humans such as mri 
magnetization transfer imaging (mti) and diffusion-weighted imagingBA. Also, non-mri 
methods like Positron Emission Tomography using [BBc]pibBB, or Visual Evoked Poten-
tialG can be used. Although these techniques are improving in accuracy, there is still a need 
to develop more sensitive and specific methodsBC, especially since the development of 
remyelinating and neuroprotective therapies is increasingBD.

We recently demonstrated that myelin components could be labeled in healthy sub-
jects using deuterium, which allowed us to model the kinetics of the myelin breakdown 
product β-galactosylceramide (β-galc). This approach offered a method to quantify pos-
sible changes in myelin kinetics after treatment with a remyelinating compoundBE.In ad-
dition to β-galc, n-Octadecanoyl-sulfatide (no -Sulf) was also measured. Both lipids are 
present abundantly in the brain of vertebrates, comprising almost one-third of the lipid 
mass of myelin and can be regarded, when present in the csf, as being specific for cns 
myelinBF. mri scans were performed to compare our findings with imaging correlates of 
demyelinationBG.

In the current study we used the same method as in our previous study to measure and 
model kinetics of myelin breakdown products in patients with progressive multiple scle-
rosis. The kinetics of myelin formation and breakdown have so far never been measured 
in vivo in patients with ms.

methods
Subjects

Patients included had a diagnosis of primary progressive or secondary progressive ms ac-
cording to the revised McDonald criteriaBH for at least 1 year. Patients had to be between 
18 and 70 years old and have a body mass index of 18 to 30 kg /mC and had all given written 
informed consent. All subjects underwent a full medical screening, including medical 
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history, a physical examination, blood chemistry, hematology and virology (hepatitis b, c 
and hiv) urinalysis and electrocardiogram (ecg) to assess eligibility. Key exclusion criteria 
were: contraindications for lumbar puncture, contraindication of an mri, clinically signif-
icant abnormalities during screening and a relapse in one month before start of the study.

Study design

During the study, six patients with progressive multiple sclerosis were instructed to con-
sume 120 mL of 70% dMo daily for 70 days. Weekly urine samples were collected and used 
to measure the percentage of dMo in the subject’s total body water. All subjects underwent 
five lumbar punctures (lps) for csf collection on days 35, 70, 94, and 167, and a final lp 
1-1.5 years after the start of the study. Blood was collected for safety measurements (routine 
hematology and chemistry). The patients had two mris: one between day 0 and 35 (before 
the first lp) and one on day 167 (fourth lp), to compare changes in imaging biomarkers 
related to myelination tothe deuterium labeling results.

Published and unpublished data from our previous study in healthy subjectsBE were 
used not only to quantify the kinetics of myelin breakdown in patients, but also to com-
pare them to healthy subjects through simultaneous modelling. 

Study approval 

The study was approved by the Medical Ethics Committee of the bebo Foundation (Assen, 
The Netherlands). The study was conducted according to the Dutch Act on Medical Re-
search Involving Human Subjects (wmo) and in compliance with Good Clinical Practice 
(ich-gcp) and the Declaration of Helsinki.

Measurement of deuterium enrichment in the total body water

This method has been described previouslyBE?BI?BJ. dMo content in total body water was 
measured using a method which relies on the base-catalyzed exchange of hydrogen (deu-
terium) between water and acetone. CH-labeling of BDCN acetone is then determined using 
gas chromatography /mass spectroscopy (gc-ms) analysis. The deuterium fraction in the 
urine sample was calculated using the ratio of singly deuterated to non-deuterated forms. 
Measuring dMo in urine has been established as reliable marker of body water dMo, and 
has been used in other studiesCA–CC. Urine was used because its collection is least invasive 
for subjects participating. 

Measurement of deuterium enrichment of lipids in csf 

Isotopomer data of β-galc and no -Sulf were obtained using a tandem mass spectrometry 
method described previouslyBE. The isotopomer data was used to calculate the change in 
average number of additional neutrons (the replacement of a hydrogen atom by a deute-
rium atom adds one neutron to the molecule). This was then divided by the total number 
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of measurable hydrogen atoms, which is 78 for β-galc and 68 for the no -Sulf. This yields 
the change from baseline of the average deuterium fraction of the hydrogen atoms of the 
lipids. n-Octadecanoyl-sulfatide results from the healthy subject cohort were not reported 
in the previous study but are reported in the current report.

Compartmental model

A compartmental model that describes the turnover of body water (precursor) and the 
myelin lipid (product) was fitted to the enrichment data of β-galc and no -Sulf using 
the non-linear mixed effects modeling program nonmem, version 7.3.0CD. The first-order 
conditional estimation with interaction method was used to estimate typical parameter 
values and their inter-individual variability. 

The body water turnover was characterized with two structural parameters: the daily 
water input /output, and the size of the total body water pool. A theoretical estimate of 
subjects’ total body water—based on their sex, height, weight and age—was used as a co-
variate for daily water input /outputCE. This model described the deuterium enrichment 
of body water over time.

A schematic overview of the model is shown in figure 1. The production of the myelin 
lipids β-galc and no -Sulf from the (indirect) precursor body water was characterized 
with two structural parameters: fraction of the myelin lipid with a fast turnover, and the 
turnover rate of that fraction. The turnover rate of the remaining fraction of lipid (with a 
stable turnover) was assumed to have a negligible impact on the deuterium enrichment 
of the lipid in this study, and was therefore not estimated (i.e., assumed to be zero). The 
model parameters for β-galc and no -Sulf were estimated independent from each other.

With these models, data from both healthy subjects and patients with ms were ana-
lyzed in a pooled dataset. A potential effect of ms on the parameters of the lipid turnover 
model was explored in the model. An estimated effect of ms was included in the final 
model if it significantly (p<0.05) improved the model fit compared to a model in which 
the same parameter value was used for healthy subjects and patients. Minus two times the 
log likelihood was used to assess the model fit.

mri

To study changes in tissue integrity in the normal appearing white matter, high resolution 
structural mri (3d -T1 and flair) and magnetization transfer imaging (mti) scans were 
performed. 3d -T1-w scans were made to segment white matter from csf and from grey 
matter. flair images were used to segment white matter lesions from the white matter. 
The mti-ratio (mtr) was calculated in the remaining normal appearing white matter 
and lesions separatelyCF. mri was performed before the first lp, and a second one 167 days 
after start of the study. All imaging was performed on a whole-body mr system operating 
at 3 Tesla field strength (Philips Medical Systems, Best, The Netherlands). The following 
parameters were used: 3dt1-weighted images: tr = 9.7 ms, te = 4.6 ms, fa = 8°, fov = 224 
X 177 X 168 mm, resulting in a nominal voxel size of 1.17 X 1.17 X 1.4 mm, covering the entire 
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brain with no gap between slices, acquisition time was approximately 5 minutes. flair: 
tr = 11000 ms, te = 125 ms, fa = 90°, fov = 220 X 176 X 137 mm, matrix size 320 X 240, 25 
transverse slices with a slice thickness of 5 mm with no gap between slices. mti imaging: tr 
= 100 ms, te = 11 ms, fa = 9°, fov = 224 X 180 X 144 mm, matrix size 224 X 169. 

results
Clinical study in patients

Six patients with progressive ms were enrolled in the study, four of them completed the 
study. Both drop-outs were replaced, but only one of the replaced patients completed the 
study. Only data from patients who completed the study were analyzed. Demographics 
are summarized in table 1. Missing data in the analysis are the lp 4 for subject 7 (lp failed) 
and lp 5 for subject 8 (subject did not participate). Most of the reported adverse events 
were mild and transient. One Serious Adverse Event was reported: subject 8 was admitted 
to the hospital 4 months after start of the study, with a diagnosis of urinary tract infection 
that required intravenous antibiotic treatment. This was assessed as unlikely related to 
the administration of dMo. Most frequent reported adverse events were fatigue (60%) and 
dizziness (60%). Post-dural puncture headache was not reported. 

Body water enrichment

Both patients and the healthy subjects described in the previously published studyBE 
reached steady state deuterium enrichment in body water during the 70-day labeling pe-
riod (see table 2 and figure 2). There was considerable inter-individual variability in the 
extent of body water enrichment, with maximum values ranging from 0.017 to 0.037. 
Body water enrichment decreased rapidly after the last dMo dose, as expected.

β-galc enrichment

The maximum deuterium enrichment of β-galc in patients was about 27-fold lower than 
that of body water and ranged from 0.00047 to 0.0015. Comparable to what was observed 
in the healthy subject cohort, the enrichment of β-galc decreased slowly in the patients 
with ms: at day 167, the β-galc enrichment was still high (between 71% and 100% of maxi-
mum observed enrichment) and 1.5–2.0 years after the start of the study, a measurable 
β-galc enrichment above baseline was still present in all subjects: between 24% and 60% 
of maximum observed enrichment (figure 3).

no-Sulf enrichment

The maximum enrichment of no -Sulf was about 2-3-fold higher than β-galc, and 10-fold 
lower than that of body water. Maximum enrichment ranged from 0.0010 to 0.0018 in 
healthy subjects, and from 0.0026 to 0.0041 in ms patients (see table 2 and figure 4).
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Compartmental model output

Inter-individual variability in the precursor model (body water) was only estimated for 
the parameter that represents daily water input /output; for the other structural param-
eters it did not result in a significantly improved model fit. The kinetics of the deuterium 
enrichment were then used as input for the models describing the turnover of β-galc and 
the no -Sulf. The parameter estimates of the model are given in table 2. The final model 
resulted in an adequate characterization of the observed deuterium enrichment data in 
body water β-galc and the no -Sulf (figure 2, figure 3 and figure 4). 

The typical values for the daily water input /output (3.39 L) and the size of the total 
body water pool (38.9 L) correspond to a turnover rate constant of 0.087 or a body water 
half-life of 8.0 days. The turnover rate constants of the fractions of β-galc and no -Sulf 
with non-negligible turnover were much lower: 0.00186 and 0.00714, which corresponds 
to a turnover half-life of 373 days and 96.5 days, respectively. The fraction of β-galc that 
originates from the fast or non-negligible turnover rate, was estimated at 34.4%. Limited 
variability between individuals was observed in the value of this parameter, for which a 
coefficient of variation of 7.4% was estimated with poor precision (relative standard error 
of estimate of 93%). The fraction of the no -Sulf with a non-negligible or fast turnover was 
estimated to a similar value of 36.6%, although a higher degree of unexplained variability 
between individuals was observed there (cv=24.3%).

We observed a significant difference in the turnover of both myelin lipids between the 
healthy subjects and the ms patients: for β-galc 0.817 (95% confidence interval of 0.71 to 
0.93, p-value: <0.01) and for no -Sulf 0.506 (95% confidence interval of 0.35 to 0.66, p-val-
ue: <0.005). The effect of ms on the myelin lipid turnover was included in the model as an 
effect on the parameter that represents the estimated fraction with a non-negligible turn-
over. This resulted in a slightly better statistical fit of the data, when compared to model 
where the effect was included on the turnover rate of the fast fraction. The effect of ms on 
the no -Sulf (49.4% lower fraction with non-negligible turnover) was more pronounced 
compared to the effect on β-galc turnover (18.3% lower fraction with non-negligible 
turnover). Figure 5 shows model predictions for a typical healthy subject and a typical ms 
patient for β-galc and no -sulf, if they would participate in a study with the same design: 
120 mL heavy water (70% dMo) daily, for 70 consecutive days. Without the administration 
of water, no deuterium would be incorporated, and the deuterium fraction would stay 
zero (same value as baseline). 

mri 

The normalized peak height (norph) of the normal appearing white matter and of the 
white matter hyperintensity lesions was calculated for all patients at both time points. The 
mti norph in the normal appearing white matter decreased in 4 patients (with 16.6, 8.3, 
9.1 and 10.8%) and increased in one patient (5.5%). For three subjects, the norph of identi-
fied lesions increased in the period between the two scans (+8.7, +16 and +21%), the other 
two subjects had an decrease in norph of the lesions (-12 and -14%) (table 3).
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discussion
This is the first study to measure the kinetics of deuterium-labelled myelin breakdown 
products beta-galactosylceramide and n-octadecanoyl-sulfatide in the csf of patients 
with progressive ms. In a pooled compartmental analysis, we analysed data from these 
patients together with healthy subject data from a previous studyBE. This analysis showed 
that the level of deuterium incorporation in myelin breakdown products was lower in ms 
patients than in healthy subjects, which indicates that myelin formation was slower, or 
breakdown of a more stable myelin component was higher. 

The lower levels of deuterium incorporation that we observed in patients with ms, 
were then described in a model, which estimated a lower fraction with non-negligible 
turnover in the ms patients compared to the healthy subjects: 49.9% lower for no -sulf, 
and 18.3% lower for β-galc. There are several possible physiological explanations for 
these model-based findings. First of all, the model for healthy subjects distinguishes a sta-
ble and a fast fraction in the turnover. It would be intuitively attractive to hypothesize that 
the fast fraction lies more on the outside of the myelin wrapping, and the stable fraction 
lies more closely to the axon, which is therefore harder to replaceCG. When considering my-
elin physiology, we expect that the extent of replacement of myelin close to the axon is low 
in healthy subjects and that the effect of labelling of this stable fraction is therefore very 
limited. Therefore, this may have only limited effect in the model for turnover in healthy 
subjects. In patients with progressive ms, this processis alteredCH. As demyelination ex-
poses more of the stable fraction of myelin, we would expect that more of this stable frac-
tion-myelin is broken down, which then contributes to the levels of β-galc and no -sulf 
present in the csf. This part of myelin will have fewer deuterium-atoms incorporated due 
to its formation over a longer period of time, starting from before the onset of deuterium 
labelling, which could explain a lower labelling fraction in the breakdown products.

Secondly, evidence exists that remyelination in ms patients is ineffectiveCH. This could 
slow down the formation of new myelin and thereby decrease the rate of incorporation of 
deuterium-atoms into myelin molecules. Either of these two pathophysiological processes 
could explain the lower level of labelling observed in patients with ms. 

A third scenario, is that a combination of these processes, namely degradation of stable 
myelin and ineffective remyelination process, underlies our observations. 

Deuterium fraction in body water results showed individual differences, which were 
comparable to the differences found in the healthy subjects cohort (figure 2). A maximum 
reported fraction in the ms cohort of 0.037 (table 2) the dosing of 120 mL for 70 days was 
considered safeCI?CJ. From our previous study we know that these fractions should be high 
enough to label myelin breakdown products BE. The individual differences in body water 
turnover seemed to explain most of the interindividual differences seen in the labelling 
enrichment of β-galc, as the degree of interindividual variability in the β-galc kinetics 
is limited (<10% cv, Table 3). 

A limitation of the current study is its small sample size. As this was a proof-of-concept 
study, we only enrolled 6 healthy subjects and 5 patients completed the study. Exploring 
the effect of disease duration, and type of ms (primary of secondary progressive ms) would 
be very interesting but was not feasible due to the small sample size.
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The model that describes the kinetics of body water and myelin breakdown products has 
several limitations. For example, because we had no deuterium enrichment data of inter-
mediate biochemical product, the model directly links body water enrichment with the 
enrichment of the myelin breakdown products in the csf with the single turnover rate 
constant. In this study, we interpreted this turnover rate constant as being representative 
of the myelin turnover rate, under the assumption that this is most likely the rate-limiting 
step. Additionally, the data did not allow the estimation of the turnover rate of the stable 
fraction of myelin, due to a negligible degree of deuterium labelling in this fraction.

In all patients we measured a difference in volume norph of lesions between start of 
the study and after 6 months (table 3). The increase in three patients indicates an increase 
in the demyelinating process over time during the course of the study. However, we did 
not find a significant correlation between the kinetics of the myelin breakdown products 
and the change in volume norph of lesions among the 5 patients (p>0.05). 

conclusions
Myelin kinetics of myelin breakdown products in the csf are significantly different in pa-
tients with ms compared to healthy subjects. This can be caused by slower myelin produc-
tion in these patients, by a higher level of degradation of the stable component of myelin, 
or, most likely, by a combination of these two processes.

Deuterium labelling in combination with lumbar punctures is a useful method for 
quantification of metabolic processes of the central nervous system. This method in pa-
tients with ms can be used to quantify myelin turnover and can therefore be suitable 
for the use in proof of concept studies with remyelination compounds in patients with 
progressive ms. 
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table 1 – Subject characteristics (n=5)

Characteristic Mean (range) or number (%)

Age (years) 54.6 (41–65)

Sex

 Male/female 4 (80) / 1 (20)

Weight (kg) 69.1 (55.3–79.6)

Height (m) 1.77 (1.65–1.84)

bmi 22.1 (18.3–24.1)

Years of ms 17.8 (10-32)

table 2 – Parameters estimates of the precursor-product model describing deuterium enrichment data in body water, 
β-galc and no -sulf. 

Parameters Parameter estimates (rse%)

Body water (precursor) parameters

Water intake (L/day)B 3.39 (8.7%)

Body water pool (L) 38.7 (4.9%)

Interindividual variability of water intake (cv%) 28.8 (45%)

Additive residual error 0.00163 (39%)

Myelin lipid (product) parameters β-galc no -Sulf

Fraction with non-negligible turnover in healthy subjects* 0.344 (12%) 0.366 (15%)

Relative fraction with non-negligible turnover in ms patients  
(compared to healthy subjects) *

0.817 (6.8%) 0.506 (16%)

Turnover rate of non-negligible fraction (day-B) 0.00186 (11%) 0.00714 (9.6)

Inter-individual variability of fraction with fast turnover (cv%) 7.4 (93.1%) 24.3 (32%)

Additive residual error 0.00011 (26%) 0.00044 (44%)

cv = coefficient of variation, rse = relative standard error, hv = Healthy subjects
1 = For an individual with a total body water of 35.6L predicted with the Watson Formula (24). For all parameters, a single parameter 
value is estimated for both healthy subjects and ms patients, except the fractions with non-negligible turnover (*) 

figure 1 – Schematic overview of the compartmental model describing the kinetics of the myelin breakdown product 
β-galc and no -sulf. The deuterium enrichment of the myelin breakdown products in csf that originate from the stable 
faction is assumed to be negligible. Kfast, β – galc = turnover rate of the fast fraction of β-galc , Ffast, β – galc = fraction of 
β-galc in csf that originates from the fraction with fast turnover, Kfast, no – Sulf = turnover rate of the fast fraction of  
no -Sulf, Ffast, no – Sulf = fraction of no -sulf in csf that originates from the fraction with fast turnover.
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figure 2 – Deuterium fraction in body water: Observation (dots), population prediction (dark grey dashed line), 
individual prediction (light grey dashed line). The vertical line at 70 days marks the end of the labeling period. Data from 
the previously published study in healthy subjects was adapted from the original publication 14) with permission.

figure 3 – Deuterium fraction in β-galc: Observation (dots), population prediction (dark grey dashed line), individual 
prediction (light grey dashed line). The vertical line at 70 days marks the end of the labeling period. Data from the 
previously published study in healthy subjects was adapted from the original publication 14) with permission.
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figure 5 – Model predictions for a typical healthy subject and a typical ms patient of deuterium fraction in β-galc 
(left) and no -sulf (right). The simulation is based on the design described in this study: subject receive 120 mL heavy water 
70% dMo) daily, for 70 consecutive days.It shows visually what the effect is of the parameter that estimates the difference 
between ms patients (grey) and healthy subjects (black) with respect to the fraction of non-negligible turnover.

figure 4 – Deuterium fraction in no -Sulf: Observation (dots), population prediction (dark grey line), individual 
prediction (light grey line). The vertical line at 70 days marks the end of the labeling period.
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abstract
aim Examine if the velocity of saccadic eye movements in internuclear ophthalmopa-
resis (ino) improves with fampridine treatment in patients with multiple sclerosis (ms). 

methods Randomized, double-blind, placebo-controlled, cross-over trial with fampri-
dine in patients with ms and ino. Horizontal saccades were recorded at baseline and at 
multiple time points post-dose. Main outcome measures were the change of peak velocity 
versional dysconjugacy index (pv-vdi) and first-pass amplitude vdi (fpa-vdi). Both pa-
rameters were compared between fampridine and placebo using a mixed model analysis 
of variance taking patients as their own control. Pharmacokinetics were determined by 
serial blood sampling. 

results Thirteen patients had a bilateral and 10 a unilateral ino. One patient had 
an ino of abduction (posterior ino of Lutz) and was excluded. Fampridine significantly 
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). Pharmacokinetics demonstrated that testing coincided with the 
average tmax at 2.08 hours (sd 45 minutes). The main adverse event reported after admin-
istration of fampridine was dizziness (61%). 

conclusion Fampridine improves saccadic eye movements due to ino in ms. Treat-
ment response to fampridine may gauge patient selection for inclusion to remyelination 
strategies in ms using saccadic eye movements as primary outcome measure.
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introduction
Successful remyelination remains the Holy Grail for treatment of multiple sclerosis (ms), 
a predominantly demyelinating disease. In a proof-of-principle study it has been shown 
that Clemastine fumarate has the potential to induce remyelination of the optic nerveB. 
Following treatment with clemastine, conduction velocities in patients with long stand-
ing optic neuritis improved compared to placebo. Optic neuritis has been the dominant 
model for testing remyelination strategies in msC.In optic neuritis there is consistent evi-
dence for substantial and irreversible axonal lossD. This had been recognized to limit the 
chance for successful remyelination and severe retinal nerve fiber loss (> 70 µm) was an 
exclusion criterion in the Rebuild trialB. Other limitations of optic neuritis for testing re-
myelination encompass that recovery of high contrast visual acuities is typically excellent 
even without treatment, the need for combined assessment of electroretinogram (erg) 
and visual evoked potential (vep) in order to be compliant with international standards, 
which not all patients tolerateE. Finally, results from an optic neuritis treatment trial may 
require to be cross-validated by another model for remyelination in ms which has differ-
ent, validated outcome measures.

Demyelination in ms does affect a functionally relevant single axon pathway, the 
medial longitudinal fasciculus (mlf)F . A ms lesion in the mlf causes an internuclear 
ophthalmoparesis which can be aggravated though Uhthoff ’s phenomenon indicating 
functioning axons with alterable conduction velocitiesG?H. Rapid (saccadic) horizontal ad-
ducting eye movements are impaired in an ino and patients report transient diplopia, 
visual confusion, the illusion of environmental movements during a saccade, vertigo, and 
a transient blur for example whilst readingI?J . The prevalence of clinically evident ino 
in ms ranges from 24-55% and are bilateral in most casesI?BA–BD.Anatomically the mlf is 
located close to the f loor of the fourth ventricle and readily discernible on mri. The mlf 
represents an efferent pathway which signals from the sixth nucleus to the third nucleus in 
order to enable coordinated horizontal eye movementsJ. These saccadic eye movements 
can be easily quantified by infrared oculography (eyetracking). We have developed and 
validated a novel protocol for assessment of horizontal saccadic eye movements suitable 
for a multi-centre setting with excellent parameter reproducibilityBE. For the most com-
monly used parameters for testing an ino the intra-class correlation coefficients (icc) 
were >0.9 for the peak velocity versional dysconjugacy index (pv-vdi) and the first-pass 
amplitude vdi (fpa-vdi)BE. 

In this study we tested if a drug known to accelerate nerve conduction, fampridine (dal-
fampridine), has an effect on saccadic eye movements in patients with ms who suffer from 
an ino. Previously fampridine, a voltage-gated potassium channel blocker was shown to 
improve walking speed in patients with msBF . A year later, fampridine was approved by 
the fda for treating impaired walking in ms patients. Since, there is anecdotal evidence 
from in three cases that oral Fampridine (10 mg) improved horizontal saccades in inoBG. 
This double-blind, placebo-controlled crossover study demonstrates that fampridine sig-
nificantly improved our two carefully validatedBE primary outcome measures, the pv-vdi 
and fpa-vdi.
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methods
This single-center, double-blind, randomized placebo-controlled crossover study was 
conducted by the Centre for Human Drug Research (Leiden, the Netherlands) between 
April 2015 through August 2016. This study was approved by the Medical Ethics Com-
mittee of the bebo Foundation (Assen, the Netherlands) and was conducted in accor-
dance with the Dutch Act on Medical Research Involving Human Subjects (wmo) and in 
compliance with Good Clinical Practices (ich-gcp) and the Declaration of Helsinki. This 
study was registered in the European Union Clinical Trials Register (protocol number 
2015-000182-31) and in the Dutch Clinical Trial Registry (www.toetsingonline.nl; dossier 
number nl52195.056.15). All patients were recruited and assessed at the Amsterdam umc 
(Amsterdam, the Netherlands). All patients had to provide written consent prior to being 
considered for inclusion.

Patients were approached by their neurologists, through existing research projects and 
advertisements on the hospital website. Of 28 eligible patients two decided not to partici-
pate for personal reasons. 

Twenty-four patients with ms who had a clinically evident or suspected ino participat-
ed in an initial screening visit and two further trial occasions. Each subject was randomly 
assigned to receive either fampridine (20 mg) on occasion 1 and placebo on occasion 2, or 
placebo on occasion 1 and fampridine on occasion 2. The interval between the occasions 
was at least 1 week, which is more than 5 half-lives of fampridine, thereby guaranteeing an 
adequate washout.
All patients had a diagnosis of clinical definite ms based on the 2010 revision of the Mc-
Donald criteriaBH. The disease duration had to be longer than one year and the time from 
last relapse at least 30 days. All patients were screened using a pro-saccadic task. The pres-
ence of ino (unilateral or bilateral) was determined by visual examination of the graphs 
depicting horizontal gaze position by two experienced observers (janb, kmsk). The inter-
rater agreement was 95.8% (23  /24). The one patient in whom there was a disagreement 
had an ino of abduction and was excluded from this trial. This case has been published 
separatelyBI. All patients were otherwise healthy, including normal ecg, hematology, and 
blood chemistry; all patients were also seronegative for hiv, hepatitis B, and hepatitis C, 
had no history of seizures, normal creatinine clearance, no contraindications for mri, and 
no concomitant use either an inhibitor or substrate of organic cation transporter 2BJ.

The randomization was created by an independent statistician at the Centre for Human 
Drug Research using sas version 9.4. Only independent staff members at the trial phar-
macy of the Amsterdam University Medical Center were unblinded; all patients, investiga-
tors, and study coordinators were blinded with respect to treatment assignment.

The study medication was fampridine (Biogen). The most commonly prescribed daily 
dose of fampridine is 20 mg. To ensure optimal plasma levels through the day and reduce 
the risk of adverse events, fampridine is usually taken in two daily doses of 10 mg each. 
Because we were interested in studying the acute effects of a single dose of fampridine on 
ino, we administered a single 20 mg dose of fampridine in order to increase the likelihood 
of demonstrating a pharmacodynamic effect by achieving pharmacologically active yet 
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safe plasma concentrations. Based on published literature, the risk of adverse events fol-
lowing a single 20 mg dose of fampridine is acceptableCA. Subjects were instructed not to 
eat within one hour before dosing and one hour after dosing. 

Supplementary Table S1 summarizes the schedule and timing of all assessments. The 
safety evaluation included the recording of all adverse events and measurements of blood 
pressure and heart rate.

The pharmacokinetics of fampridine were assessed on serial blood plasma samples. 
Blood was collected prior to dosing and 1.5, 2, 2.5, 3, 3.75, 4.25, and 5.25 hours after dosing. 
Blood was drawn into 4-ml edta tubes and centrifuged at 2000xg for 10 min at 2-8°C; 
the plasma fractions were then transferred to 2-ml tubes and were stored at –20°C within 
30 minutes of sampling. Plasma fampridine concentration was measured using ultra per-
formance liquid chromatography tandem mass spectrometry (uplc-ms /ms). Descriptive 
pharmacokinetics included the average time to reach maximum concentration (tmax), the 
average maximum concentration (Cmax), and the average area under the curve from dos-
ing until the final measurement (aucK-last).

Eye movements were recorded by video-oculography using the EyeLink 1000 Plus eye-
tracking system (sr Research, Ottawa, Canada). The set-up of the full protocol, including 
also fixation stability, anti-saccades and double step saccades in addition to a range of 
pro-saccadic tasks, has been described in detailBE. For this study an abbreviated version 
was used. In brief, for testing the head was stabilized by a chin and forehead rest. The 
system uses the pupil and corneal ref lection to determine the eye position at different ec-
centricities at 1000 Hz sampling frequency. A calibration procedure was performed prior 
to each assessment.The pro-saccade task consisted of 10 trials of 8 horizontal pro-saccades. 
Centrifugal saccades were analyzed from the center of the screen to an eccentric location 
either 6.25 or 12.5 degrees of visual angle to the left or right.The task lasted approximately 
15 minutes and was performed prior to dosing and 1.5, 2.5, 3.75, and 5.5 hours after dosing. 

The data were analyzed off-line using custom-made software written in matlab 
(MathWorks, Natick, ma). For each correct centrifugal saccade, peak velocity (pv) and the 
first-pass amplitude (fpa) were determined. The fpa was defined as the amplitude of the 
eye at the time point at which the abducting eye first reached the target positionCB?CC. The 
versional dysconjugacy index (vdi) was then calculated for both pv and fpa by dividing 
the abducting eye’s value by the adducting eye’s valueBE?CD (see Supplementary S5, S6 and 
S7 for additional explanation). The unity of the vdi is normal.

Brain imaging was performed by magnetic resonance imaging (mri). We used a 3 Tesla 
machine (Discovery mr750 3.0t whole-body mr system, ge Healthcare). A multi-se-
quence mri protocol was performed, including axial T1-weighted spin echo, axial proton 
density (pd), t2-weighted fast spin echo, 3D f luid-attenuated inversion recovery (flair), 
coronal t2 short tau inversion recovery (stir), 3d t1-weighted fast spoiled gradient 
echo (fspgr), and axial diffusion tensor imaging (dti) sequences. Data analysis included 
image pre-processing and segmentation steps to generate mlf and ms lesion masks, which 
comprised six unique regions of interest, including the entire left /right mlf, the lesioned 
left /right mlf, and the non-lesioned left /right mlf. Volume, length, and dti-based scalars 
(median /axial /radial diffusivity and fractional anisotropy) were estimated for each of the 
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six regions of interest. The mlf lesion load was determined. The scans were reviewed by 
two researchers. An example mri image is shown in Supplementary Figure S8. 

All statistical analyses were performed in sas version 9.4 (sas Institute Inc., Cary, nc, 
usa). To determine whether significant treatment effects could be detected using the sac-
cadic protocol, the pv-vdi and fpa-vdi were analyzed using a mixed model analysis of 
covariance (ancova). Treatment, time, period, and treatment by time were used as fixed 
factors; subject, subject by treatment, and subject by time were used as random factors, 
and the average baseline measurement (pre-fampridine) per period was used as a covari-
ate. Due to their log-normal distribution, the pv-vdi and fpa-vdi parameters were log-
transformed prior to analysis. Any change relative to baseline value was analyzed using 
the same model for graphical purposes. We used the Spearman rank correlation test to 
measure the correlation between baseline characteristics and treatment conditions. For 
the eye-tracking tests, individual inos were treated as individual subjects in both the an-
cova and Spearman rank correlation test. The null hypothesis was rejected if p <0.05. The 
alternative hypothesis was 2-sided.

results
A total of 24 subjects participated and completed the study between April 2015 and Au-
gust 2016 (see figure 1 for the consort diagram). One patient was diagnosed with a rare 
posterior ino of Lutz and excluded from further analysis. We included 11 male and 12 
female patients (table 1). The ino was bilateral in 13 and unilateral in ten. 

The most commonly reported adverse event (ae) was dizziness 60.8% (14 /23). This was 
followed by fatigue (3 fampridine, 5 placebo) and headache (2 fampridine, 2 placebo). 
Fampridine had no effect on blood pressure or heart rate. All reported aes are listed in 
Supplementary table S9. 

Descriptive pharmacokinetics revealed a mean (±sd) tmax of 128 (± 45) minutes, a mean 
Cmax of 65 (± 15) ng /ml, and a mean auc0-last of 220 (± 57) ng*hr  /ml. The plasma fampri-
dine concentration over time is shown in figure 2. 

Fampridine improved saccadic eye movements of the ino eyes in all 23 patients (figure 
3a). This change was observed from the first measurement after dosing (1.5 hours after 
dosing) until the last measurement (5.5 hours after dosing).The effect of fampridine on 
the pv-vdi was significant if compared to placebo. The difference from baseline calculated 
to -17.4% (95% CI: -22.4%, -12.1%; p<0.0001, table 2). Similar results were obtained for fpa-
vdi (figure 3b), with an estimated difference of -12.1% (95% CI: -17.6%, -6.2%; p<0.001, 
table 2). 

There was no significant effect of fampridine on non-ino eyes (n=10). The difference 
from baseline calculated to -4.6% (95% CI: -10.3%, 1.5%; p=0.105, table 2 and figure 3c).

The magnitude of improvement of saccadic eye movements in ino was directly correlat-
ed to the pv-vdi and fpa-vdi at baseline (Rho=-0.35, p=0.0345; Supplementary figure S2). 
There was no such correlation with disease duration (Rho=0.02, p=0.909; Supplementary 
figure S3) or the mri lesion load of the mlf (Rho=0.08, p=0.658; Supplementary figure S4). 
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conclusion
To our knowledge, this clinical trial together with prior pharmacological, pathological 
and clinical studiesH–J?BG?CD?CE provides evidence that fampridine significantly improves the 
pv-vdi and fpa-vdi with a single dose of 20 mg within 1.5 hours. The response is sus-
tained for at least 5 hours which parallels the robust pharmacodynamic data over this 
period. The most common ae was dizziness in 60.8% of all patients.

The effect of fampridine appears to be selective for the demyelinated axons of the 
mlf, corroborated by mri data, of ino eyes and absent in non-ino eyes. There appears 
also to exist a linear relationship between the degree of impairment of saccadic eye move-
ments and the degree of improvement with treatment. These findings were independent 
to other covariates such as disease duration or mri lesion load. The lack for a correlation of 
functional improvement with mri metrics has been recognized beforeCF and poses a chal-
lenge for clinical trialsCG. In this context present data provides a valuable, reproducibleBE, 
primary outcome measure suitable for testing remyelination strategies in ino in ms.

Our pharmacological data also suggest that the treatment effect of fampridine on eye 
movements already becomes significant prior to reaching tmax after about 2 hours. Based 
on this and a prior trial on the effect of fampridine on walking speedBF we suspect that 
a lower dose of 10 mg may be sufficient. A lower dose may also be better tolerated by 
patients, the majority of whom did suffer from drug related dizziness. The proportion of 
patients with dizziness in this study was higher than the 10%-20% expected from standard 
dosing. The prevalence of other aes, including headache and fatigue, was similar between 
the placebo and fampridine occasions.

The findings of present trial are consistent with Serra’s detailed study of the effect of 10 
mg dalfampridine in three cases of inoBG. Each, but one of the patients did show ‘signifi-
cant decrease of saccadic abduction /adducting eye peak velocities for the worst ino’ after 
treatment with fampridineBG . In other words, fampridine reduces on a patient level the 
pathological slowing of the adducting eye in an ino. Furthermore, the pharmacodynamic 
data excludes the possibility of a type ii errors which could be caused by low /absent fam-
pridine blood levels.

There is good preclinical data supportive of the observations reported in this trial. 
Waxman and others have clearly demonstrated that ion channels are redistributed along 
demyelinated axons during regenerationCH?CI. Of these, redistribution of potassium chan-
nels has the disadvantage of reducing the generation of axon potentials by accelerating 
membrane repolarization. Fampridine directly affects demyelinated nerves by blocking 
potassium channels and therefore promotes conduction in demyelinated axonsCJ. 

These experimental data also imply that there are other potassium channel drugs which 
may show similar effects. For example, the structure of fampridine (4-aminopyridine) is 
similar to the structure of 3,4-Diaminopyridine. The reasons for using fampridine for this 
trial was that it is fda approved for treatment in ms. A limitation is that fampridine is not 
licensed for treatment of an ino and we would be hesitant to recommend it as a routine 
treatment. Least of all because of side effects.
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Another limitation of this study is that we did not investigate the effect of fampridine on 
functional outcomes of vision in ms. One reason is that there is no validated question-
naire for the visual problems specifically caused by an ino. These symptoms can be dif-
ficult to be explained by patients. A further limitation is that we did not include a visual 
quality of life measure such as the National Eye Institute Visual Function Questionnaire 
(nei-vfq -25). 

Taken together the main advantage of this trial is that it provides evidence that a 
chronic ino is helpful in expanding the number of patients to include in trials testing 
remyelinating strategies in ms. Testing of saccadic eye movements are a validated, highly 
reproducible primary outcome measuresF?DA and suitable for a multi-center setting. We 
believe this will be important to cross validate findings on remyelination in optic neuritis 
which rely on a range of visual evoked visual potential test paradigms and optical coher-
ence tomography as an outcome measuresB?DB. The prevalence of ino in ms appears to 
be high enough, 24%-55% to ensure that there will sufficient patients suitable for trialsBE.
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table 1 – Subject characteristics.

Characteristic Patients (n=23)

Age, mean (min-max), years 49 (31-72)

No. (%) females 12 (52)

Disease duration, mean (min-max) years 12.6 (1-25)

Weight, mean (min-max) kg 71.9 (45.1-103)

Height, mean (min-max) cm 176 (157-188)

bmi, mean (min-max) kg/mC 23.1 (17.2-29.4)

No. (%) bilateral ino 13 (56) 

table 2 – Analysis results table video-oculography. 

95% CI

Pharmacodynamic measurement Estimate of the difference Lower Upper p-value

vdi peak velocity (%), eyes with ino -17.4% -22.4% -12.1% <0.0001

vdi peak velocity (%), eyes without ino -4.6% -10.3% 1.5% 0.105

vdi first pass amplitude (%), eyes with ino -12.1% -17.6% -6.2% 0.0003

figure 1 – consort flow diagram for the randomized controlled trial. 

figure 2 – Mean Fampridine serum concentrations with sd, measured in the subjects during the occasion.

figure 3 – Pharmacodynamic results. Figure 3a shows the vdi peak velocity change from baseline least square means 
with upper and lower limit, figure 3b the vdi first pass amplitude change from baseline least square means with upper 
and lower limit. Figure 3c shows the mean change from baseline least square means in vdi peak velocity for the non-ino 
eyes with upper and lower limit. Significant differences are indicated by an asterisk (*).
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supplemental material

table s1 – Visit and Assessment Schedule. 

scr Treatment days 1, 8

Timepoint Assessment Up to -21 d -1h 0h 1.5h 2h 2.5h 3h 3.75h 4.25h 5.5h

Informed consent X

Demography X

Inclusion and exclusion criteria X

Medical history X

Physical examination X

Concomitant medication X X

Meals X

Virology X

BsHaem, BsChem, Urinalysis X

UrDrug, BrAlc X
ecg X

Vital Signs (bp, hr) X X X X X X

Drug (-placebo) administration X

3t mri X

pk sample X X X X X X X X

Eye Tracking Test X XB X X X X

NeuroCart test battery XC XD X X

Pharmaco-eeg X X X

Simple reaction time task X X X X

Adaptive tracking X X X X

Rapid visual informationprocessing X X X X

Body sway X X X X

 Symbol digit substitution test X X X X

National Eye Institute visual 
functioning questionnaire (vfq-25)

X

Discharge X

(S)ae <----- continuous ----->

scr = Screening, BsHaem = Blood Sample Haematology, BsChem = Blood Sample Chemistry, UrDrug = Urine Drug Screen,  
ecg = Electrocardiogram, bp = Blood Pressure, hr = Heart Rate, mri = Magnetic Resonance Imaging, (S)ae = (Serious) Adverse Event;  
1 = Performed twice at baseline ; 2 = Training session, except pharmacoeeg; 3 = Performed twice at baseline.

figure s2 – Scatter plot showing the peak velocity vdi at baseline versus peak velocity vdi difference between 
fampridine and placebo (average difference over all time points). vdi was calculated for every eye with ino (n=36; some 
patients have a bilateral ino). 

figure s3 – Scatter plot showing the mri lesion load (% of mlf) versus peak velocity vdi difference between 
fampridine and placebo (average difference over all time points). vdi was calculated for every eye with ino (n=36; some 
patients have a bilateral ino). 

figure s4 – Scatter plot showing the duration of disease (number of years since diagnosis) versus peak velocity vdi 
difference between fampridine and placebo (average difference over all time points). vdi was calculated for every eye with 
ino (n=36; some patients have a bilateral ino).
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figure s5 – Horizontal eye position (left graph, degrees of visual angle) and eye velocity (right graph, degrees of visual 
angle per second) of a leftward saccade of a ms patient with ino, showing the fpa and peak velocity. In the left graph, the 
solid black line represents the target position. In both graphs, the dark grey line represents the right eye and the grey line 
represents the left eye.
a. The dashed line indicates the time point where the abducting eye first reaches the target position. The black arrow 
points out the eye position of the abducting eye at this time point, the black-lined arrow the eye position of the adducting 
eye. The fpa is the amplitude of an eye at this time point.
b. The black arrow points out the peak velocity of the abducting eye during the centripetal saccade, the black-lined arrow 
the peak velocity of the adducting eye.

figure s6 – Horizontal eye position (degrees of visual angle) of two centripetal saccades in a healthy volunteer (a), a ms 
patient with unilateral ino (b) and a ms patient with bilateral ino (c). The solid black line represents the target position, 
the dark grey line the right eye and the grey line the left eye. For the horizontal eye position, value zero corresponds to 
the center of the screen, a positive value to a position at the right side of the center and a negative value to a position at 
the left side of the center.

figure s7 – Horizontal eye position (degrees of visual angle) of a leftward centripetal saccades in a ms patients with a 
bilateral ino (subject 2), pre-dose (a) and 1.5 hours post-dose (b). The solid black line represents the target position, the 
dark grey line the right eye and the grey line the left eye.

figure s8 – Axial t2 -weighted image at the level of the pons showing a small periventicular lesion affecting the right 
mlf traject (arrow).
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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).

VIII 
summary and general 
discussion
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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. 
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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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Hoofdstuk 1 omvat de introductie van dit proefschrift en start met een korte beschrijving 
van de ziekte multipele sclerose (ms), de meest voorkomende auto-immuun ziekte van 
het centrale zenuwstelsel. ms is primair een ontstekingsziekte van de hersenen en het 
ruggenmerg waarin focale lymfocytinfiltratie leidt tot myelineschade (demyelinisatie) en 
beschadigde axonen. Bestaande behandelingen van ms kunnen worden gecategoriseerd 
als disease-modifying (ziekte-modificerende) behandelingen, die de ziekte beïnvloeden, 
en symptomatische behandelingen, die alleen de symptomen van de ziekte bestrijden. 
Ondanks de toename van nieuwe behandelingen en een verhoogde doeltreffendheid in 
de afgelopen jaren, zijn geregistreerde disease-modifying behandelingen vaak geassocieerd 
met een grote kans op bijwerkingen. Daarom is er behoefte aan de ontwikkeling van een 
nieuw soort behandelingen, die bijvoorbeeld remyelinisatie en neuroprotectie bevorde-
ren. Nieuwe methodes zullen moeten worden ontwikkeld om de potentiele werkzaam-
heid van neuroreparatieve en neuroregeneratieve middelen te testen, aangezien huidige 
biomarkers daar nog niet of onvoldoende nauwkeurig toe in staat zijn.

Hoofstuk 2 beschrijft een studie naar de werkzaamheid van een nieuwe orale formu-
lering van Δ9-thc (ecp002A) in patiënten met een progressieve vorm van ms. Δ9-thc is 
een van de cannabinoïden in de cannabis sativa plant en een directe partiële agonist van de 
cannabinoïd receptoren cb1 en cb2. Voorheen is aangetoond dat cannabinoïden symp-
tomen, waaronder spasticiteit en pijn verbeterden door het moduleren van de neuronale 
reactiviteit via de presynaptische cannabinoïde receptoren in patiënten met ms. De studie 
beschreven in hoofdstuk 2 was een zogenaamde proof-of-concept studie, waarbinnen een 
methode wordt getest om te demonstreren dat het middel werkt zoals verwacht. Het be-
stond uit twee fases: een cross-over test om een geschikte dosis te vinden, en een parallelle, 
gerandomiseerde, placebogecontroleerde behandelingsfase van 4 weken. Vierentwintig 
patiënten met een progressieve vorm van ms en gematigde spasticiteit deden mee aan 
de studie. De resultaten lieten zien dat pijn en spasticiteit significant waren verminderd 
na een directe meting in de kliniek, maar dit werd niet als zodanig gerapporteerd in een 
dagboek. Ondanks de complexe wisselwerking van de psychoactieve effecten en analgesie 
werd de huidige orale formulering van Δ9-thc wel goed verdragen en had het een stabiel 
farmacokinetisch profiel. Deze studie benadrukt dat Δ9-thc een rol kan spelen bij de 
behandeling van spasticiteit en pijn in patiënten met ms en laat de toegevoegde waarde 
zien van een dergelijke proof-of-concept studie.

In het onderzoek beschreven in hoofdstuk 3 is een nieuwe formulering van methyl-
prednisolon (mp) getest in gezonde proefpersonen. mp wordt gebruikt bij de behandeling 
van een ms aanval (ook wel een relaps, schub of exacerbatie genoemd), die vaak voor-
komt bij de relapsing-remitting vorm van ms. Zowel de dosis als de frequentie van mp zou 
kunnen worden verminderd door het verpakken van vrij mp in een glutathion (gsh)-ge-
pegyleerd liposoom. Dit kan zorgen voor een zogenaamde slow-release formulering met 
vertraagde afgifte, verminderde toxiciteit en een langere werkzaamheid. In deze studie 
werd een infusie met gsh-gepegyleerde liposomen met mp (2b3-201) voor het eerst ge-
test in mensen om de veiligheid, farmacokinetiek (pk) en farmacodynamiek (pd) van het 
middel te testen. Een veelvoorkomende bijwerking van 2B3-201 was de infusie-gerela-
teerde reactie (in 89% van alle proefpersonen), maar het was desondanks veilig, met geen 
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klinisch relevant veranderingen in alle veiligheidstesten, en geen serieuze bijwerkingen. 
2B3-201 had een lange plasma-halfwaardetijd (tussen 24 en 37 uur) en zorgde voor lang-
durige immunosuppressieve effecten.

Hoofdstuk 4 beschrijft een first-in-human studie naar de veiligheid en pk van cnm-
Au8, een oplossing van goud nanopartikels met een zuiver oppervlak, dat is ontwikkeld 
vanwege de mogelijk immunomodulerende en remyeliniserende effecten met minder 
bijwerkingen dan bestaande medicatie met goud. De studie in gezonde proefpersonen 
bestond uit twee onderdelen bestaande uit 4 cohorten met per cohort oplopende dose-
ringen van cnm-Au8. Tijdens het eerste onderdeel betrof het een enkele dosering, tijdens 
het tweede onderdeel betrof het dagelijkse inname van cnm-Au8 gedurende 21 dagen. 
Naast deze studie werden ontstekings-provocerende in vitro testen uitgevoerd om een 
mogelijk bruikbare ex vivo pd parameter te ontwikkelen. Resultaten lieten zien dat cnm-
Au8 veilig was, met als meest voorkomende bijwerking buikklachten (in 20% van alle 
proefpersonen). De bijwerkingen waren gunstiger in vergelijking met bestaande medica-
tie met goud. cnm-Au8 had een plasma halfwaardetijd tussen de 11.5 en 26.2 dagen en de 
maximale concentratie na de eerste inname werd bereikt tussen de 3.3 en 3.5 uur. De lage 
concentraties die gerapporteerd werden en het ongebruikelijk farmacokinetische profiel 
komen overeen met de literatuur over goud nanopartikels in dierstudies. Omdat de in 
vitro testen geen ontstekingsremmende effecten zien, zijn deze testen niet gebruikt in de 
studie. Afgaande op deze resultaten zou vervolgonderzoek zich moeten richten op het 
bepalen of cnm-Au8 ontstekingsremmende en remyeliniserende werking heeft. 

Middelen die myeline aanmaak bevorderen kunnen mogelijk een belangrijke rol spe-
len bij de behandeling van demeyeliniserende ziektes zoals ms. Er is echter geen geschikte, 
nauwkeurige, methode om myeline vorming te kwantificeren. De turnover van β-galac-
tosylceramide (een component van myeline, afgekort β-galc), gemeten door middel 
van labeling met zwaar water, geeft een indicatie van myelinisering in muizen, maar dit 
werd nog nooit bepaald in mensen. Hoofdstuk 5 beschrijft een studie waarin 6 gezonde 
proefpersonen gedurende 70 dagen dagelijks 120 mL zwaar water (70% dMo) dronken 
om β-galc te labelen met deuterium. Vervolgens werden seriële lumbaal puncties ver-
richt, werd met behulp van massaspectrometrie β-galc in liquor bepaald en werd met 
behulp van een compartimenten-model de turnover van β-galc in de liquor berekend. 
Resultaten lieten zien dat het maximale percentage deuterium gemeten in lichaamswa-
ter varieerde van 1.5 tot 3.9%, terwijl het percentage ingebouwde deuterium in β-galc 
veel lager was: 0.05-0.14%. Dit wijst op een trage turnoversnelheid, wat werd bevestigd 
door het model, dat een schatting van deze snelheid gaf (0.00168 dag–B). Deze snelheid 
correspondeert met een halfwaardetijd van 413 dagen. Aan de hand van deze resultaten 
wordt duidelijk dat extra studies nodig zijn om te onderzoeken of de turnover van β-galc 
gebruik kan worden als uitkomstmaat in klinisch onderzoek met remyeliniserende be-
handelingen in patiënten met ms.

Hoofdstuk 6 beschrijft een vervolgstudie, waarin myeline ook werd gelabeld met deu-
terium in 5 patiënten met ms, en naast β-galc ook een ander myeline afbraakproduct 
werd bepaald: N-Octadecanoyl-sulfatide (no -Sulf). De turnoversnelheid van de β-galc 
en no -sulf fracties met niet-verwaarloosbare turnover waren 0.00186 en 0.00714 dag–B, 
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wat overeenkomt met turnover halfwaardetijden van respectievelijk 373 en 96.5 dagen. 
Het effect van ms op de no -sulf turnover (49.5% lagere fractie) was meer uitgesproken 
dan het effect op de β-galc turnover (18.3% lagere fractie). De resultaten laten zien dat de 
kinetiek van myeline afbraakproducten in liquor van gezonde proefpersonen blijkbaar 
anders is dan in patiënten met ms. Mogelijke oorzaken voor deze discrepantie zijn een 
tragere myeline synthese in de ms patiëntengroep, een grote afbraak van het stabielere 
component van myeline, of een combinatie van deze twee processen. Het labelen met 
deuterium in combinatie met lumbaalpuncties kan een zinvolle methode zijn voor het 
kwantificeren van metabole processen in het centrale zenuwstelsel en de myeline tur-
nover in patiënten met ms, en zou kunnen worden gebruikt in proof-of-concept studies 
naar remyeliniserende behandelingen. 

In hoofdstuk 7 wordt een gerandomiseerde, dubbelblinde, placebogecontroleerde, 
cross-over studie beschreven met patiënten met ms en een internuclaire ofthalmoparese 
(ino). De onderzoeksvraag in deze studie was of de snelheid van saccadische oogbewe-
gingen in deze patiënten zullen verbeteren na toediening van fampridine. Voornaamste 
uitkomstparameters in deze studie waren de verandering in peak velocity versional dyscon-
jugacy index (pv-vdi) en de first-pass amplitude vdi (fpa-vdi). Hogere vdi waarden worden 
vaak gezien bij een ino en impliceren een vertraging van de adductie van het oog ten 
opzichte van de abductie. Fampridine verlaagde zowel pv-vdi als fpa-vdi waarden en 
verbeterde de saccadische oogbewegingen veroorzaakt door de ino. Deze studie geeft 
handvatten voor de ontwikkeling van een methode die op basis van de respons op fampri-
dine, op basis van de snelheid van de saccadische oogbewegingen, patiënten kan selecteren 
voor de toepassing van een remyeliniserende behandeling.

Hoofdstuk 8 ref lecteert op de voornaamste conclusies en bespreekt het gebruik van 
biomarkers in vroeg-stadium klinische onderzoekstudies. In dit hoofdstuk wordt nader 
toegelicht hoe biomarkers kunnen worden geïntegreerd in studies, en benadrukt hoe dit 
de nieuwe standaard zou moeten worden. Zolang de zoektocht naar nieuwe behande-
lingen van ms voortduurt, en zolang er geen succesvolle biomarker is van het effect van 
potentieel remyeliniserende middelen, zal er een sterke behoefte zijn naar meer accurate 
biomarkers. 
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