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“Following the light of the sun 
we left the Old World”

Christopher Columbus (1451-1506) 
on one of his four voyages









Er zijn verrassend veel parallellen te trekken tussen onderzoek doen en een van mijn favoriete 
vrijetijdsbestedingen, namelijk koken. Alles begint met een inspiratie, nieuwsgierigheid en 
een idee. Dan volgt de planning en de uitvoering en na (lang…) wachten kun je het resultaat 
proeven. Het blijft altijd spannend of het gelukt is en of het wel lekker is. Als het lekker is, dan 
smaakt het vaak ook naar meer! Zo niet, dan moet je het recept aanpassen, of crucialer, iets 
heel anders verzinnen...

De weg naar een goed gelukt gerecht is, althans voor mij, minstens zo belangrijk: watertandend 
recepten zoeken en menu’s samenstellen, op zoek gaan naar de juiste producten, lekker 
creatief combineren en (al of niet met succes) uitproberen. Dat kon ook in de voor mij nieuwe 
keuken van de wetenschap, en wel in een restaurant met een excellente ambiance. Verder 
is de diversiteit aan smaken, waar ik bij eten zo van houd, zeker ook terug te vinden in de 
verschillende hoofdstukken. 

Of kookkunsten gewaardeerd worden is vervolgens een kwestie van smaak, maar ook van 
kennis. De fijnproevers zullen zich op de details storten en boeren die het niet kennen zullen 
het niet eten, maar voor iedereen die aan tafel schuift: hopelijk is datgene wat in dit boekje 
geserveerd wordt smakelijk en levert het gespreksstof op voor het natafelen!
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1,25(OH)2D3   1,25-dihydroxyvitamin D; calcitriol 
25(OH)D   25-hydroxyvitamin D; calcidiol 
ACTH   Adrenocorticotropic hormone
ANCOVA  Analysis of covariance
APC    Antigen presenting cell 
APRIL   A proliferation-inducing ligand
AR   Androgen receptor
AUC   Area under the curve
B cell   Bone marrow derived lymphocyte
BAFF    B-cell activating factor (BLyS)
BBB    Blood brain barrier 
BCR   B cell receptor
BlyS   B lymphocyte stimulator; BAFF
BMI    Body mass index 
Breg    Regulatory B cell 
Calcitriol   1,25-dihydroxyvitamin D 
CAR   Cortisol awakening response
CBG   Corticosteroid binding protein
CD    Cluster of differentiation 
CDC   Cortisol day curve
cDNA   Copy DNA
CD4+ T cell  T helper cell
CD8+ T cell  Cytotoxic T cell
CD25   IL2Rα
Cholecalciferol   vitamin D3 
CI    Confidence interval 
CIS    Clinically isolated syndrome 
CLIA    Chemiluminescence immunoassay 
CMV   Cytomegalovirus
CNS    Central nervous system 
Cortisol   Endproduct of HPA-axis
CBG   Corticosteroid binding globulin
CCL   Ligand of CC chemokine
CpG    CpG oligodeoxynucleotide (2006)
CRH   Corticotropin releasing hormone
CRP    C-reactive protein 
CSF    Cerebrospinal fluid 
CTLA-4   Cytotoxic T-lymphocyte-associated protein 4
CXCL   Ligand of CXC chemokine
CXCR   Receptor of CXC chemokine
CYP   Cytochrome P
CYP27B1   Cytochrome P27B1; 1-α-hydroxylase
CYP24A1   Cytochrome P24A1; 24-hydroxylase (24-Ohase)
DC    Dendritic cell 
Dex-CRH  DST with subsequent CRH-stimulation
DMD    Disease modulating drugs 
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DNA    Deoxyribonucleic acid 
DST   Dexamethasone suppression test
EAE    Experimental auto-immune encephalomyelitis 
EBNA   Epstein-Barr nuclear antigen
EBV    Epstein-Barr virus 
ECTRIMS  European Committee for Treatment & Research in 
   Multiple Sclerosis
EDSS    Expanded disability status scale 
ELF   Ectopic lymphoid follicle
ELISA    Enzyme-linked immunosorbent assay 
ELISPOT  Enzyme linked immunospot assay
ER   Estrogen receptor
ex vivo    “out of the living” 
F    Female 
FSS   Fatigue severity scale
FoxP3    Forkhead Box P3; marker of Treg
GC   Germinal center
GM-CSF    Granulocyte macrophage colony-stimulating factor 
GR   Glucocorticoid receptor
GWAS    Genome wide association studies
HADS   Hospital anxiety and depression scale
HADS-D   Depression subscale of HADS
HLA    Human leukocyte antigen 
HPA   Hypothalamus-pituitary-adrenal
HPRT1   Hypoxanthine-guanine phosphoribosyltransferase (gene)
HV   Healthy volunteer
IFN    Interferon 
IgG    Immunoglobulin G
IgM   Immunoglobulin M
IL    Interleukin 
IL2Rα   Interleukin 2 receptor alpha chain
in vitro    “within the glass” 
in vivo    “within the living” 
iTreg    Inducible Treg 
IU   International units
KIR4.1   Killer immunoglobulin-like receptor 4.1; potassium channel
L   Ligand
LC-MS/MS  Liquid chromatography-tandem mass spectrometry
LFA-1   Leukocyte function-associated antigen-1
LH   Luteinizing hormone
LPS   Lipopolysaccharide
LXR   Liver X receptor
M    Male
   or Median
METC   Medical ethical committee
MFI    Mean fluorescence intensity 



18

MG-63   A human osteosarcoma cell line
MHC    Major Histocompatibility complex 
MR   Mineralocortcoid receptor
MRI    Magnetic resonance imaging 
mRNA    Messenger RNA 
MS    Multiple sclerosis 
MSFC   Multiple sclerosis functional composite
n   number 
NEDA   No evidence for disease activity
NF-κB   Nuclear factor kappa-light-chain-enhancer of activated B cells
nM   Nanomolar 
OC   Oral contraceptive
OCB    Oligoclonal bands 
p    Probability value 
PARP   Poly (Adenosine diphosphate-ribose) polymerase
PBMC   Peripheral blood mononuclear cells 
PCR   Polymerase chain reaction
PHA    Phytohaemagglu-tinin 
PMA    Phorbol 12-myristate 13-acetate 
PPAR   Peroxisome proliferator activated receptor
PPMS    Primary progressive multiple sclerosis 
PR   Progesterone receptor
PVN   Paraventricular nucleus
Q    Quartile 
qPCR   Quantitative PCR
RCT    Randomized controlled trial 
Relapse   Exacerbation 
Remission   Recovery 
RIA    Radioimmunoassay 
RNA    Ribonucleic acid 
RRMS    Relapsing remitting multiple sclerosis 
RT   Real-time
RXR   Retinoid X receptor
s    Soluble 
SAE   Serious adverse event
SBG   Sex-steroid binding globulin
SD    Standard deviation 
SFC   Spot forming cells
SN   Survival niche 
SNP   Single nucleotide polymorphism
SOLAR    Supplementation of Vigantol Oil versus placebo as add-on   
   therapy in Rebif (Interferon Beta) treated patients with relapsing  
   remitting multiple sclerosis 
SOLARIUM   SOLAR immunemodulating effects 
SPAG16   Sperm associated antigen 16
SPMS    Secondary progressive multiple sclerosis 
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STAT   Signal transducer and activator of transription
T cell   Thymus derived lymphocyte
Tc    Cytotoxic T cell 
TGF    Tumor growth factor 
Th    T helper cell 
Th1    T helper cell type 1, associated with IFN-γ production 
Th2    T helper cell type 2, associated with IL-4 production 
Th17    T helper cell type 17, associated with IL-17 production 
TLR    Toll like receptor 
TNF    Tumour necrosis factor 
Treg    Regulatory T cell 
U   Units
UVB    Ultraviolet B radiation 
VCA   Viral capsid antigen
VDR   Vitamin D receptor
VLA-4   Very Late Antigen-4; Integrin α4β1
VZV   Varicella zoster virus





21



22 General Introduction



23General Introduction

Historical explorers discovered new land around the world, and with every journey more 
details have been added to global maps. For multiple sclerosis research, explorers of the 20th 
century put vitamin D on the map, and from 2008 onwards, our research team in Maastricht 
has tried to add more details to this area. Today, vitamin D in multiple sclerosis is still an active 
area of research. Many reviews concentrate on the role of vitamin D in multiple sclerosis, 
illustrated by clinical and immunological studies. Also in this thesis two reviews elaborate on 
this topic. Therefore, the introduction to this thesis is restricted to the essential players, i.e. 
multiple sclerosis, its immune pathogenesis, and vitamin D, followed by the outline of the 
thesis.  

Multiple sclerosis (MS) is the most common disabling neurological disease among young 
people. Initial symptoms generally occur in the age of 20-40 years and MS affects women 
2-3 times more often compared to men[1-2]. Currently, almost 1 in 1000 people suffers from 
MS in the Netherlands[3]. MS is characterized by inflammation and neurodegeneration of 
the central nervous system (CNS; brain and spinal cord). Though, it is still a matter of debate 
whether it is neurodegenerative or inflammatory from onset[1, 4]. Most accepted, however, is 
the thought that inflammatory processes lead to damage of the fatty myelin sheaths covering 
the neuronal axons, which normally support fast transduction of signals, and this process is 
called demyelination. The inflammation can be accompanied by axonal injury and over time 
this results in accumulated axonal loss, which underlies the progression of disease[1, 5]. Also in 
this thesis, the line of thought is followed that MS is inflammatory from onset. Inflammation 
can occur throughout the CNS, but some parts are more frequently involved. Depending 
on the localization and severity of the inflammation a variety of symptoms can occur, with 
some directly related to the CNS part involved, such as visual and sensory disturbances 
and loss of muscle strength, and others being more general complaints, such as fatigue 
or depression. Next to a variety of symptoms, people also present with different disease 
courses, categorized into subtypes: 1) relapsing remitting MS (RRMS), the most common 
type characterized by symptom flare-ups (relapses) and remissions, generally followed by 
2) secondary progressive MS (SPMS), in which there is gradual worsening of the disease, 
and the less common 3) primary progressive MS (PPMS), without relapses prior to gradual 
progression[6-7]. Relapses and specific symptoms can be treated, and the course of MS can 
be partially influenced by current MS treatments. However, there is no cure available for MS. 
Most of the MS treatments reduce inflammation and prevent relapses, but to a far lesser 
extent influence progression of the disease[8], as reflected by progression on the expanded 
disability status scale (EDSS)[9] (Figure 1). Therefore, only patients with active inflammation 
can benefit from these treatments. Current research focusses on a better understanding 
of the disease pathogenesis in order to obtain more effective treatments, with the aim to 
achieve so-called no evidence of disease activity (NEDA), and treatments which also prevent 
progression and/or induce remyelination [10].
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Figure 1. Expanded Disability Status Scale (EDSS).  Ranging from 0 to 10, this scale reflects the levels of clinically 

observed disability in multiple sclerosis based on neurological examination. Scores <4 depend on impairments on eight 

neurological functional systems, and scores ≥4 depend on ambulatory limitations. 

The disease mechanism of MS is very complex and important pieces of the puzzle are still 
missing. Since inflammation is prominent at the disease onset, the immune system in MS 
has been studied extensively. Over the last few decades, a lot of progress has been made 
in the understanding of immune responses in MS. However, although knowledge has been 
gained about immune responses in MS once the disease has manifested, there are still only 
speculations about what triggers them and to what extent they explain the disease course 
[10-13]. It is still uncertain whether in a genetically prone individual MS is caused by a single 
environmental hit, directly followed by the disease onset, or whether the disease is the result 
of multiple environmental hits potentially already starting from conception on (Figure 2). 
Also, over time knowledge from experimental models has been adopted, but it is sometimes 
not clear whether observations actually have been demonstrated in MS patients [14-15].The 
current hypothesis is that encephalitogenic T cells drive the process of MS (Figure 3)[5]. These 
cells have been activated outside the CNS, in the (cervical) lymph nodes, by still unknown 
epitopes presented by antigen presenting cells (APC). These activated T cells proliferate and 
differentiate into cells with a pro-inflammatory profile, which enter the circulation and specific 
adaptations allow them to cross the blood brain barrier (BBB). An alternative specific entry 
site may be the choroid plexus[16]. After they have entered the CNS parenchyma, these T cells 
recognize the epitopes presented by microglia or macrophages, leading to reactivation of the 
T cells and the subsequent secretion of cytokines and chemokines. Those lead to damage of 
the surrounding tissue, and trigger an immune cascade; microglia and macrophages can be 
activated and other immune cells are recruited and activated. This expanding inflammatory 
response causes further disruption of the BBB and further immune cell infiltration. Activated 
CD4+ T helper (Th) cells can differentiate into several subtypes, characterized by the secretion 
of different cytokines [17]. The encephalitogenic Th cells adopt the profile of pro-inflammatory 
Th1 cells, characterized by the secretion of the cytokine interferon-gamma (IFN-γ), or Th17 
cells, secreting interleukin (IL)-17, which might be particularly harmful when also secreting 
granulocyte macrophage colony stimulating factor (GM-CSF)[18-19].The expansion of these 
subsets is said to cause a shift in the balance between pro- and anti-inflammatory T cell 
subsets [14, 20]. Normally, regulatory T cells (Treg) ensure balance in Th cell subsets [21-22]. 
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Figure 2. Potential environmental triggers and influence of inflammation in the multiple sclerosis disease

course. (1) Timeline of a healthy individual. During prenatal development and life the individual is exposed to 

environmental factors, including viral infections, sun exposure/vitamin D, and smoking or air pollutants. Late in 

adulthood, as a result of the normal ageing process, brain atrophy occurs. (2) Simplified timeline of an individual 

genetically prone to develop multiple sclerosis (MS). At a certain point an environmental trigger (lightning bolt) causes 

inflammation and the disease onset (first clinical event = C1). The disease progresses to relapsing remitting MS (RRMS) 

with exacerbations every time inflammation exceeds a certain threshold. Later, once gradual progression dominates, 

the disease has progressed to secondary progressive (SP) MS. In SPMS low grade chronic inflammation is thought 

to contribute to disability progression and grey matter atrophy. (3) Alternative simplified timeline of an individual 

genetically prone to develop MS . It is unknown when the disease starts, since the first clinical event (C1) may be years 

after onset of inflammation. There may be multiple environmental triggers which accumulate, eventually causing the 

threshold for clinical manifestation to be exceeded. It is unknown in which phases of the disease environmental factors 

contribute to the disease course, to what extent inflammation in SPMS contributes to clinically manifested disability 

progression and brain atrophy and whether neurodegeneration is the result of another disease mechanism next to 

inflammation.
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However, in MS the capacity of these Treg to suppress the pro-inflammatory cells has 
been shown to be reduced[23-24]. Next to the Th cells other immune cells also contribute 
to the inflammatory process. For instance, CD8+ cytotoxic T (Tc) cells have been found in 
the demyelinating lesions in the CNS, even in higher frequencies than CD4+ Th cells, and 
axonal injury has been demonstrated to correlate with the number of CD8+ Tc cells[25-27]. 
Also, CD8+ Tc cells are often present in cortical lesions [28]. Therefore, these cells may be 
important in disease progression. B cells also are increasingly recognized as a contributing 
factor in the inflammatory processes of MS [29-30]. Although elevated antibody production in 
cerebrospinal fluid, with the presence of oligoclonal bands, has been a hallmark of MS for 
a long time, antibody-independent B cell functions now have gained interest. This includes 
antigen presentation, cytokine/chemokine production, T cell co-stimulation, and it all adds 
up to the T-cell-mediated responses. Therefore, B cells may be particularly important in the 
augmentation and maintenance of inflammation.  

The cause of MS is unknown, but it is considered that the genetic profile and several 
environmental factors contribute to susceptibility of MS[1, 31]. A substantial part of the 
identified risk alleles for MS is located in immune related genes, with the most prominent 
and consistent contribution of human leukocyte antigen (HLA), particularly the haplotype 
DRB1*1501[32-33]. Since antigens are presented to CD4+ T cells via HLA-DR, the association 
with HLA is compatible with the idea that CD4+ T cells drive inflammation in MS. Also, it may 
support the theory that certain viral infections may trigger the disease, probably because 
of molecular mimicry[34-36]. Besides viral infections, especially infection with the Epstein-Barr 
virus (EBV)[35], environmental factors which are associated most with an increased risk of MS 
are decreased sunlight exposure, vitamin D insufficiency and smoking[31]. They also have 
links to the immune system and may contribute to dysregulated and/or excessive immune 
responses. 

Vitamin D is the precursor of a steroid hormone, the bioactive calcitriol (1,25(OH)2D3), which is 
a molecule with pleiotropic functions. Because vitamin D is made in the skin upon ultraviolet 
B (UVB) exposure, and MS predominantly affects people living in areas with a lesser degree of 
UVB exposure, insufficiency of vitamin D was assumed to be a risk factor for the development 
of MS[37]. This has been supported by epidemiological studies[38-40]. Also, several studies have 
shown associations between vitamin D status and the number of relapses and CNS lesions 
on magnetic resonance imaging (MRI), both reflecting the activity of MS[40-44]. Since those 
associations are mainly found in the early phase of MS, and inflammation is considered to 
dominate the disease process in early stages, the idea prevails that vitamin D is important 
in immune regulation in MS [45]. This is supported by studies that demonstrated beneficial 
effects of vitamin D on immune cells[45-46]. 
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Figure 3. Simplified overview of the immune attack in the central nervous system. In (1) the initial immune 

response is shown. Encephalitogenic T cells (T) enter the central nervous system (CNS). Here they recognize their 

specific antigens (a), presented by microglia (M). (2) The T cell is reactivated by this cell interaction, and starts to produce 

chemokines and cytokines (c). The chemokines attract other immune cells to the site of inflammation, and the cytokines 

will lead to damage. In (3) the amplified response is shown. Other immune cells infiltrate the CNS, including new T 

cells, B cells (B) and antigen presenting cells (APC). The immune cells get activated by the antigens (to T cells presented 

by microglia or invaded antigen presenting cells) and the inflammatory environment. (4) With their effector functions 

(antibody (Ab) production, cytokine production and/or antigen presentation) they may all contribute to damage of the 

myelin sheaths (Dm), and the axons, of neurons (N). A= Astrocyte; BV= blood vessel; O= oligodendrocyte.
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Central regulation of immune function is carried out by the endocrine stress response 
system, controlling glucocorticoid (i.e. cortisol) secretion. In MS this system is commonly 
hyperactivated [47]. Abnormal functioning of the stress response system as well as abnormal 
functioning of the immune system are also considered essential in the development of 
depressive symptoms[48-50], which are frequently present in MS patients and greatly affect 
quality of life [51]. Interestingly, vitamin D status in MS was shown to correlate negatively with 
the severity of depressive symptoms[52], suggesting a beneficial effect of vitamin D, possibly 
by regulating either of the systems mentioned above (Figure 4). 

The aim of this thesis is to further unravel the role of vitamin D in MS. Our studies are not 
restricted to the highly suspected key players in MS, i.e. CD4+ T cells, but also include B cells 
and the neuro-endocrine axis. We anticipate that a more comprehensive approach, with 
regard to the complexity of human physiology, will reveal novel insights in the pathogenesis 
of MS.

Figure 4. Vitamin D may affect disease mechanisms that overlap in MS and in depression.

Red arrows indicate a positive contribution in the process. The yellow inhibition symbol indicates regulation by vitamin D
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OUTLINE OF THIS THESIS

Previous studies have found associations between vitamin D status and disease activity and 
progression, particularly in early MS[53]. For the assessment of disease progression mainly 
EDSS-scores are used, but time to the onset of the secondary progressive phase may 
provide additional information. In chapter 1 we therefore examine the relation between 
vitamin D levels and this alternative outcome of disease progression, both during the disease 
course and at the disease onset. In the chapters 2-5 we further elaborate on the results we 
obtained previously from pilot or cross-sectional studies by using data from a randomized 
controlled trial (RCT). This trial allowed us to study several immune-regulatory effects of high-
dose vitamin D3 supplementation in patients with early MS. Previously, associations have 
been found between vitamin D status and Treg suppressive capacity and expression of CD25 
mRNA in CD4+T cell, which is essential for cell survival and for regulatory T cell homeostasis. 
In chapter 2 we investigate the effect of vitamin D3 supplementation on CD25 expression 
related to T cells, aiming to differentiate between the CD25 upregulation by vitamin D on 
conventional and regulatory CD4+ T cells. Next, we switch to B cells and review the literature 
on the role of B cells in MS, which is increasingly recognized, and the effects of vitamin D on 
B cells in chapter 3. Since antibody production, a main function of B cells, against the EBV 
protein EBNA-1 was shown to decrease upon vitamin D in a pilot study, we wished to confirm 
this effect of vitamin D3 supplementation on the EBV-response in the study of chapter 
4. Among clinical outcomes related to inflammation and to be targeted by vitamin D are 
depressive symptoms, for which a negative correlation with vitamin D status was previously 
shown by our team. In chapter 5 we investigate whether vitamin D3 supplementation also 
influences symptoms and immunological biomarkers of depression in MS, since depressive 
symptoms are frequently present in MS and also may result from immunedriven processes. 
However, probably the impact of vitamin D on the immune pathogenesis of both MS and 
depression (in MS) is more complex then it’s direct effects on the different immune cells. 
Within the human body there is interplay between sex steroids, glucocorticoids and vitamin 
D.  In chapter 6 we provide a detailed overview of these nuclear receptor ligands in MS. 
Here, we describe their effects on the immune system and on the CNS, their similarities and 
their interactions, and we plead that their combined actions are relevant in MS. Based on this 
concept and on the previous findings providing evidence for active vitamin D processing in 
hypothalamic cells of the stress-axis [54], we explored another mechanism of action of vitamin 
D in MS in chapter 7. In a new RCT we studied the effect of vitamin D3 supplementation on 
stress-axis regulation in female patients with MS.
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Low circulating 25-hydroxyvitamin D (25(OH)D) levels have been associated with an increased 
risk of relapses in relapsing remitting multiple sclerosis (RRMS), but an association with 
disability progression is uncertain. Lower 25(OH)D levels are found in secondary progressive 
MS (SPMS) when compared to RRMS. We hypothesized that a poor vitamin D status in RRMS is 
associated with an increased risk of conversion to SPMS. In a retrospective longitudinal study 
we measured 25(OH)D levels at the start of a 3-year follow-up, and analyzed whether these 
levels predict the risk of RRMS to SPMS conversion. In 338 RRMS patients, vitamin D status 
did not predict the 3-year risk of conversion to SPMS (n=51; OR 0.970; p=0.65). However, 
in diagnostic blood samples of SPMS patients with a relatively short RRMS duration (n=19) 
25(OH)D levels were significantly lower (38 nmol/L; Q1-Q3: 24-50) than levels in diagnostic 
samples of matched RRMS patients without progression to SPMS (n=38; 55 nmol/L; Q1-Q3: 
40-70; p<0.01). These data indicate an association between a low vitamin D status at the start 
of RRMS and the early conversion to SPMS. Therefore, time to SPMS conversion is of interest 
as clinical measure in (follow-up of) clinical vitamin D supplementation studies.
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One of the major concerns amongst patients with multiple sclerosis (MS) and their clinicians 
is progressive neurological disability, which is inevitable in most cases. Neurological deficits 
in this inflammatory disorder are the result of demyelinating lesions in the central nervous 
system. In its most prevalent phenotypic entity MS starts with a relapsing remitting (RR) 
phase[1]. In this phase sub-acute episodes of neurological deterioration, called relapses, 
usually recover. However, in the majority of RRMS patients recovery between relapses will 
become incomplete after several years, and there will be progressive worsening between 
relapses or progression without any new relapses[7, 55]. In either case, patients have entered 
the secondary progressive (SP) MS phase[6-7]. The pace at which disability accumulates in 
the RRMS phase is variable, and some patients never convert to SPMS during their disease 
course[55-57]. The use of disease modulating drugs (DMD) prevents relapses and postpones 
the accumulation of disability in the RRMS phase[58]. However, currently registered DMD still 
cannot protect against disability progression in the SPMS phase[8]. 

Likewise, vitamin D status is predominantly associated with the disease course in the RR 
phase of MS. A high vitamin D status has been associated with a lower risk of relapses in 
RRMS[41], which may be true particularly for patients at the start of their disease or for younger 
patients[42, 53]. Although negative correlations between disability and vitamin D status have 
been described in MS cohorts[42, 59], an effect of vitamin D status on disability progression 
was not found in longitudinal[60-61] and cross-sectional data[59]. Only at the start of disease, 
in clinically isolated syndrome (CIS) patients, a higher vitamin D status predicts less disability 
progression[53]. Interestingly, we observed lower 25(OH)D levels in SPMS when compared to 
RRMS patients[42], which could indicate an increased vulnerability to develop SPMS in RRMS 
patients with a poor vitamin D status. A delay in the onset of the SP phase in RRMS patients is 
highly relevant, since this could delay the accumulation of disability and prolong the window 
of opportunity for treatment with DMD. Therefore, we assessed whether the vitamin D status 
in RRMS patients is associated with the time to conversion to SPMS.

Patients

In this retrospective longitudinal study subjects with MS were selected from a longitudinal 
vitamin D study cohort of the Academic MS Center Limburg (Zuyderland Medical Center, 
Sittard, the Netherlands), which consists of all patients with MS according to the original 
or 2005 revised McDonald criteria[62-63] who visited the center in the period from 2005 to 
2013 and of whom vitamin D data were available. To assess whether vitamin D status in 
established RRMS predicts a 3-year risk of conversion to SPMS, all RRMS patients with vitamin 
D assessment at the start of a 3-year follow-up were included. To assess whether vitamin D 
status at diagnosis is associated with conversion to SPMS, index subjects with SPMS were 
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selected, when both 25-hydroxyvitamin D (25(OH)D) levels or blood samples at diagnosis 
(± 1 year) and reported dates of conversion to SPMS were available. Those SPMS patients 
were matched in a 1:2 ratio with RRMS control patients, based on their sex, year of birth and 
year of MS diagnosis. Therefore, compared to the SPMS index patients, the RRMS control 
patients by definition had a longer RRMS duration, with also several years of progression-
free follow-up. By matching for year of birth and year of diagnosis, SPMS index and RRMS 
control patients were diagnosed and treated with MS therapies within the same timeframe.  

Endpoint definition and 25(OH)D measurement

No clear clinical criteria are available to define the transition point from RRMS to SPMS, 
and the diagnosis of SPMS is mostly made retrospectively[7]. Nevertheless, clinicians have to 
determine this point to make treatment decisions in daily practice. In this study, the transition 
point was determined by the treating physician (RH), defined as the visit after which the 
RRMS patient starts to accumulate sustained disability. To describe disability in MS the most 
widely accepted clinimetrical scale is the expanded disability status scale (EDSS)[9]. SPMS was 
defined as an increased EDSS-score independent of relapses, but not necessarily without 
relapses. This definition has also been used in other studies[56]. 
Serum 25(OH)D levels were measured to assess vitamin D status. The samples of the 
3-year follow-up sub-study were analyzed as part of routine patient care. Before 2008, 
first a radioimmunoassay (RIA; Immunodiagnostics Systems, Boldon, UK), and later a 
chemiluminescence immunoassay (CLIA; Nichols Institute Diagnostics, California, USA) were 
used for 25(OH)D measurement, due to changed procedures in the clinical setting. For later 
samples, 25(OH)D levels were determined with a CLIA (LIAISON® 25 OH Vitamin D TOTAL, 
Diasorin, Saluggia, Italy). For the diagnostic samples, 25(OH)D levels at diagnosis (± 1 year) 
were available from routine patient care for 19 index and control patients. Seven of them 
were measured before 2008 (RIA or CLIA (Nichols Institute Diagnostics)). For the remaining 
38 patients, stored (-80˚C) blood samples (±1 year from diagnosis) were collected and 
25(OH)D levels were measured using the CLIA (LIAISON® 25 OH Vitamin D TOTAL, Diasorin). 
To correct for seasonal variation the 25(OH)D levels were deseasonalized , according to 
the sinusoidal model described by van der Mei et al[59]. Hereto the total of all consecutive 
25(OH)D levels from all patients of the longitudinal vitamin D cohort were used to model 
seasonal variation. The adjusted 25(OH)D value was calculated by applying the deviation of 
an individual from the population mean at a time-point measured (Tm), on the population 
mean at T = 0.

Statistics

All statistical analyses were performed using SPSS software (SPSS Inc., version 20.0, Chicago, 
USA). Differences in 25(OH)D levels between RRMS and SPMS patients were analyzed with 
the Mann-Whitney U test. A linear regression model was used to assess which patient 
characteristics were associated with the vitamin D status in SPMS. The factors entered in 
this model, which were linked to the vitamin D assessment date, were sex, age, EDSS score, 
relapse rate in the previous 3 years, disease duration, and RRMS duration. To assess whether 
the vitamin D status contributes to the risk of conversion to SPMS during a 3-year follow-up 
(yes/no), logistic regression models were used. Several covariates, linked to the vitamin D 
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assessment date, were included in these models: sex, age, EDSS score, disease duration, 
relapse rate in the previous 3 years, and the deseasonalized 25(OH)D level. Potential relevant 
interactions between these covariates were also included in the analysis and omitted when 
not statistically relevant using stepwise backward modeling. To compare 25(OH)D levels at 
MS diagnosis between SPMS index and the matched RRMS control patients, a Mann-Whitney 
U test was used. Group differences after matching were analyzed by chi-square tests for 
binomial data, or student’s T tests or Mann-Whitney U tests for continuous data. Year of birth 
and year of MS diagnosis were compared by using the age and disease duration calculated at 
the day of statistical analysis, respectively. Odds ratios were calculated using simple logistic 
regression. A p-value <0.05 was considered statistically significant.

25(OH)D levels are lower in SPMS than in RRMS patients

First, we confirmed that SPMS patients have lower 25(OH)D levels than RRMS patients. In our 
longitudinal vitamin D study cohort, the median 25(OH)D level of SPMS patients (n=118) was 
43 nmol/L (Q1-Q3: 29-60), which was lower than the median 25(OH)D levels of RRMS patients 
(n=338; 58 nmol/L; Q1-Q3: 39-77), (p<0.01). Patient characteristics are shown in Table 1. 
Then, we explored which factors could be related to the lower vitamin D status in SPMS 
patients, and found that RRMS duration was positively associated with vitamin D status. The 
fit of the model, with 25(OH)D level as dependent variable, improved significantly by adding 
the combined effect of RRMS duration and RRMS duration2 (p=0.01).

Table 1: Patient characteristics of the RRMS and SPMS patients of the longitudinal 
vitamin D cohort.

RRMS (n = 338) SPMS (n = 118)

M/F ratio (n) 73/265 47/71
Age (years) (Mean (±SD)) 42.0 (±10.0) 53.8 (±10.1)
Disease duration from diagnosis (years) 
( Mean (±SD))

5.0 (±6.3) 13.9 (±7.8)

Relapses in previous 3 years (n) 
(Median (Q1-Q3))

1 (0-2) 0 (0-1)

EDSS-score 
(Median (Q1-Q3))

2.0 (1.5-4.0) 6.5 (5.9-7.0)

RRMS: relapsing remitting multiple sclerosis, SPMS: secondary progressive multiple sclerosis, M: male, F: female, EDSS: 

expanded disability status scale, Q1-Q3: 25th - 75th quartile.
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B OR 95% CI OR p-value
Simple 
model

-0.105 0.900 0.804-1.008 0.07

Model 1 -0.048 0.953 0.842-1.078 0.44

Model 2 -0.034 0.966 0.852-1.096 0.59

Model 3 -0.030 0.970 0.853-1.104 0.65

Effect of deseasonalized 25(OH)D (per 10 nmol/L) on conversion to SPMS (yes /no) during a 3-year follow-up in RRMS 

patients (n=338) in a logistic regression model. 51 patients converted from RRMS to SPMS. 

Simple model includes only deseasonalized 25(OH)D level as a covariate.

Model 1 includes deseasonalized 25(OH)D level, age, disease duration, sex, EDSS and relapse rate in the previous 3 

years as covariates

Model 2 includes deseasonalized 25(OH)D level, age, disease duration, sex, EDSS, relapse rate in the previous 3 years, 

and relapse rate in the previous 3 years2 (centered) as covariates.

Model 3 includes deseasonalized 25(OH)D level, age, disease duration, sex, EDSS, relapse rate in the previous 3 years, 

and relapse rate in the previous 3 years2(centered), disease duration*sex and age*relapse rate in the previous 3 years 

as covariates.

Table 3: characteristics of the SPMS index patients and the matched RRMS control 
patients. 

SPMS (n = 19) RRMS (n = 38) p-value

M/F ratio (n) 6/13 12/26 1.00
Age (years) (Mean (±SD)) 55.1 (±8.4) 53.1 (±7.4) 0.38
Disease duration from 
diagnosis (years) (Median (Q1-
Q3))

9.7 (6.6-12.0) 7.7 (6.3-10.0) 0.08

RRMS duration (years) 
(Median (Q1-Q3))

3.5 (1.0-5.7) 7.7 (6.3-10.0) <0.01

Age at diagnosis (years) 
(Mean (±SD))

45.4 (±8.7) 45.3 (±8.2) 0.96

EDSS-score (Median (Q1-Q3)) 3.0 (2-4) 2.0 (1.5-2.8) 0.08

Table 2: Effect of vitamin D status on the SPMS conversion risk

SPMS= secondary progressive multiple sclerosis, RRMS= relapsing remitting multiple sclerosis, M= male, F= female, 

Q1-Q3= 25th - 75th quartile
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25(OH)D levels in RRMS do not predict the 3-year risk of conversion to SPMS 

To assess whether 25(OH)D levels in the RRMS phase predict the risk of conversion to SPMS, 
we longitudinally analyzed 338 RRMS patients. The cohort was characterized as indicated in 
Table 1. During the 3-year follow-up, 51 (15%) patients converted to SPMS. Vitamin D status 
was not a significant predictor of risk of conversion to SPMS, neither in the simple nor in 
the more advanced regression models (Table 2). Factors that did predict the risk to SPMS 
conversion were a higher age (model 2: OR 1.054; p=0.01) and EDSS score (model 2: OR 
1.828, p<0.01) at vitamin D assessment. 

Diagnostic 25(OH)D levels are lower in SPMS patients with a short RRMS duration than in 
matched RRMS patients

We did not find an association between vitamin D status and the 3-year risk of conversion 
to SPMS, but 25(OH)D levels very early in the disease course of RRMS may be more relevant 
to predict conversion to SPMS. To investigate this hypothesis, 19 SPMS index patients with 
a relatively short RRMS duration were matched with 38 RRMS control patients who had not 
(yet) converted to SPMS. After matching, no statistically significant differences were found in 
the distribution of sex, age, disease duration, age and EDSS at MS diagnosis (Table 3). The 
median disease duration of RRMS patients (7.7; Q1-Q3: 6.3-10.0) was significantly longer than 
the RRMS duration of the SPMS patients (3.5; Q1-Q3: 1.0-5.7; p<0.01). The SPMS patients 
had significantly lower 25(OH)D levels (38 nmol/L; Q1-Q3: 24-50) than the RRMS patients (55 
nmol/L; Q1-Q3: 40-70; p<0.01) (Figure 1). Alternatively expressed, MS patients within the 
lowest tertile of diagnostic 25(OH)D levels  (4-36 nmol/L) had a 5.9 times (95% CI: 1.3-27.3) 
increased risk of being in the SPMS cohort, when compared to the highest tertile (58-129 
nmol/L; p=0.02).

Figure 1. Deseasonalized 25(OH)D levels of SPMS and RRMS patients at MS diagnosis. Blue lines indicate medians, 

and the black lines indicate interquartile ranges.  SPMS = secondary progressive multiple sclerosis; RRMS = relapsing 

remitting multiple sclerosis; CLIA = chemiluminescence immunoassay; RIA = radioimmunoassay
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In our retrospective, longitudinal sub-study, we confirmed the presence of lower 25(OH)
D levels in SPMS when compared to RRMS patients. We found no effect of deseasonalized 
25(OH)D levels in established RRMS on the risk of conversion to SPMS within a 3-year follow-
up. In our second sub-study, however, vitamin D status at the time of MS diagnosis was 
significantly lower in SPMS patients, with a relatively short RRMS duration, compared to 
RRMS patients who had not converted to SPMS (yet). These data suggest that a low vitamin 
D status at the start of the RRMS disease course is a risk factor for early conversion to SPMS. 

In our current longitudinal study a higher age and a higher EDSS score were positive predictors 
of conversion to SPMS during a 3-year follow-up. These are factors known to be associated 
with progressive disease in natural history studies[56-57, 64]. Vitamin D status, however, was not 
associated with short-term conversion to SPMS. This is in line with the pathophysiological 
concept that neurodegeneration in SPMS is a process which commences many years before 
the actual SPMS diagnosis[1]. Therefore, an effect of vitamin D status on SPMS conversion 
might not be expected in a later stage of RRMS, where this neurodegeneration process is 
already ongoing. Alternatively, we cannot exclude that the sample size is too small, or the 
follow-up duration too short to detect an effect. 

Interestingly, diagnostic 25(OH)D levels were lower in the RRMS patients with an early 
conversion to SPMS, compared to those of RRMS patients remaining longer in an RRMS 
phenotype. This is consistent with accumulating data pointing to the very early RRMS/
CIS phase in which a relationship between vitamin D status and clinical disease activity is 
most eminent. In a cross-sectional design, we found higher 25(OH)D levels in relapse-free 
patients with a disease duration shorter than 5 years[42]. In a longitudinal analysis, higher 
25(OH)D levels predicted a reduced risk of relapses only in the younger RRMS patients in 
our cohort[61]. In the study by Simpson et al., higher 25(OH)D levels were associated with a 
lower hazard of relapses in an RRMS cohort with a mean disease duration of 6.8 years[41]. 
In the study by Ascherio et al., reporting a faster rate of EDSS progression in subjects with 
low 25(OH)D levels, only CIS patients were included[53]. These studies and the present data 
point to the early phase of MS, which may provide a window of opportunity for intervention 
studies with vitamin D. This is in accordance with established MS therapies. For example, in 
CIS patients, a long-term effect of interferon beta therapy on disease progression was found 
when treatment was instantly initiated[65].

Regarding the diagnostic 25(OH)D levels found in these SPMS index patients, it is noticeable 
that these were markedly lower than we reported earlier in our RRMS population[42]. This 
finding is in line with the generally higher 25(OH)D levels reported in other RRMS[41, 59] or CIS 
populations[53]. Furthermore, the SPMS index patients in our diagnostic sample cohort had 
a very short RRMS duration, with the 75th percentile at 5.7 years; it is estimated that only 
10% of the RRMS patients convert to SPMS within the first 5 years of disease[66]. It seems 
that SPMS patients with a very short RRMS duration represent a sub-group of MS patients 
with lower 25(OH) levels at diagnosis. Strikingly, Ascherio et al. argue that CIS patients with 
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such low 25(OH)D levels have more cerebral lesion accumulation, more brain loss (atrophy) 
and a higher annual EDSS increase over time[53]. These observations fit the idea of a shorter 
progression-free RRMS duration in case of low 25(OH)D levels at the start of disease. This 
view is supported by experimental data. Zastepa et al. observed that SPMS patients with a 
short RRMS phase have an increased gene expression of the vitamin D receptor (VDR) in 
naïve CD4+ T (helper) cells[67], which may be a correlate of insufficient exposure to vitamin 
D. For interpretation of our results, however, we must take into account the rather small 
sample size. Furthermore, we noticed a trend towards higher EDSS scores at MS diagnosis in 
the SPMS index patients. Therefore, reversed causation cannot be ruled out. However, since 
EDSS scores at diagnosis were probably influenced by relapses, it might be as well that the 
SPMS index patients experienced more severe and/or more multifocal relapses at time of 
diagnosis compared to the RRMS control patients. 

Altogether, our data suggest that low 25(OH)D levels at the diagnosis of RRMS may be 
associated with an early conversion to SPMS. Whether the associations between vitamin D 
and MS activity at MS onset are driven by a disease modulating effect of vitamin D on MS 
should become eminent from clinical supplementation trials. Time to SPMS conversion can 
be an interesting clinical measure for long-term follow-up in these trials.



41
Chapter 1 - Vitamin D and the conversion to secondary progressive multiple sclerosis Chapter 1 - Vitamin D and the conversion to secondary progressive multiple sclerosis



Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis

 
2



Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis

Submitted as: Vitamin D3 supplementation and the IL-2/IL-
2R pathway in multiple sclerosis: attenuation of progressive 
disturbances?

Linda Rolf, Anne-Hilde Muris, Ruud Theunissen, Raymond Hupperts, 
Jan Damoiseaux and Joost Smolders.



44
Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis



45
Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis

vitamin D3 upregulates CD25-expression on total human CD4+ T cells in vitro. We investigated 
effects of vitamin D3 supplements on CD25 expression by CD4+ T cells of patients with multiple 
sclerosis over 48 weeks. There was no significant difference in  CD25 mRNA expression by 
PBMC or CD25 cell surface expression by conventional or regulatory T cells (Treg) between the 
vitamin D3 (n=30) and placebo group (n=23), although Treg CD25 expression and circulating 
soluble CD25 decreased significantly in the placebo but not vitamin D3-group. We speculate 
that vitamin D3 may promote the maintenance of CD25-related immune homeostasis in 
multiple sclerosis.
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Polymorphisms of several CD4+ T cell pathway-related genes have been associated with 
multiple sclerosis (MS), including the gene encoding for the α-chain of the interleukin-2 
receptor complex (IL-2Rα or CD25)[32]. Integration of CD25 in the intermediate-affinity IL-
2R heterodimer, consisting of IL-2Rβ (CD122) and the common γ-chain (CD132), renders 
a high-affinity IL-2R[68]. This high-affinity IL-2R complex is expressed on activated T cells 
and, therefore, the IL-2/IL-2R pathway is considered essential in T cell proliferation and 
survival[68-72]. This is underlined by the introduction of therapies that target CD25 in order 
to block expansion of pathogenic T cells in transplantation and autoimmune diseases [73].  
These therapies have also have been found to be efficacious in relapsing remitting MS 
(RRMS)[73-74]. In the last decade of the previous century, however, CD25 was identified as a 
marker for regulatory T cells (Treg), both in rodents and in humans[75-76]. Although the IL-2/IL-
2R pathway is argued not to be required for intrathymic Treg development in mice, IL-2 fuels 
Treg growth and proliferation, eventually needed to maintain a proper Treg population for 
immune homeostasis[77]. Induction of autoimmune disease in IL-2 knock-out mice resulted in 
delayed onset, but not prevention of disease, indicating that expansion of the autoreactive T 
cells is hampered but not solely dependent on IL-2. In the absence of IL-2, however, clinical 
manifestations were more severe and the normally observed recovery of disease was 
absent[78]. This indicates that IL-2 is essential for restoration of immune tolerance. Therefore, 
IL-2 and its receptor are important players in CD4+ T cell homeostasis, maintaining an 
equilibrium between activated conventional T cells and Treg[79].

The CD25 gene contains a vitamin D response element in its regulatory region, and was 
recently shown to be responsive to vitamin D in vitro by Berge et al.[80]: 1,25(OH)2D (calcitriol) 
addition to human CD4+ T cells of healthy individuals enhances CD25 gene expression and 
also slightly increases cell-surface expression of CD25. Furthermore, the relative CD25 
mRNA levels in CD4+ T cells of patients with RRMS correlated positively with their serum 
25-hydroxyvitamin-D (25(OH)D) levels[80]. This may be an important finding because vitamin 
D insufficiency has been associated with a higher risk of developing MS and an increased 
disease severity of RRMS[39, 53]. The effects of vitamin D on the immune system have been 
suggested to be responsible for these associations[45]. Indeed, vitamin D promotes both T cell 
homeostasis in MS as well as induction of Treg[45, 81]. In the study of Berge et al.[80], however, 
no distinction was made between activated CD4+ T cells, which may be detrimental in MS, 
and Treg, which may be beneficial. Furthermore, in vivo regulation of CD25 by vitamin D 
supplements was not studied. Therefore, we used the available materials from a randomized 
controlled clinical study on high-dose vitamin D3 supplementation in RRMS patients to study 
the vitamin D effect on CD25 by assessing gene expression, cell surface expression and the 
level of soluble CD25 (sCD25) in the circulation, with a focus on CD25 cell surface expression 
by conventional CD4+ T cells versus Treg.
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Participants

Fifty-three patients with RRMS, treated with interferon-β-1a, were enrolled in five centers 
in the Netherlands as participants of the SOLARIUM study, a substudy of the SOLAR trial 
(NCT01285401). Their characteristics (Table S1), the in- and exclusion criteria of the study 
and a detailed study procedure can be found elsewhere[82]. Participants were randomized 
to receive either high-dose vitamin D3 supplementation (cholecalciferol, Vigantol® Oil, Merck 
KGaA, Darmstadt, Germany; 14000 IU/day) or placebo during 48 weeks. This study design 
should expose participants to similar environmental supplies of vitamin D3 prior to both time 
points and limit an effect of seasonal fluctuation of 25(OH)D. Moreover, seasonal fluctuation 
was negligible in our previous studies when compared to the elevation of serum 25(OH)
D levels achieved with supplements[61].  For validation of our results on CD25 cell surface 
expression also data from a separate smaller randomized controlled study on vitamin D3 
supplementation (4000 IU/day during 16 weeks) available in 27 female RRMS patients was 
used (Table S2; NCT02096133). Inclusion criteria of this smaller study included treatment 
with first-line or no disease modulating therapies. Finally, three female healthy volunteers 
donated blood for the in vitro CD25 mRNA expression experiment. Written informed consent 
was obtained from all participants and the studies were approved by the ethical committee 
METC-Z (Heerlen, the Netherlands).

Cell isolation

For all participants peripheral blood mononuclear cells (PBMC) were isolated from venous 
blood, as described previously[82]. For SOLARIUM participants, blood was drawn at the start 
and at the end of the 48-week study-period, plasma was stored at -80°C, and cells were partly 
used directly after isolation, and partly stored in TRIzol (Invitrogen, Paisley, Scotland, UK; 0.5 – 
2.5x106/ 1 mL) at -80°C until analyses of CD25 mRNA expression. For the participants of the 
validation cohort, PBMC were stored in liquid nitrogen until analyses.

Cell cultures

PBMC obtained from healthy volunteers were cultured in 24 wells plates, 500,000 cells/
well, and stimulated with either soluble anti-CD3 (WT32, 4ng/mL, kindly provided by Dr. W. 
Tax, Nijmegen, the Netherlands) or phytohaemagglutinin (PHA; 25 µg/mL; Sigma Aldrich, 
Zwijndrecht, the Netherlands) in the presence or absence of 10 nM 1,25(OH)2D3 (Sigma 
Aldrich), the most commonly used in vitro concentration. No vehicle control was used. After 
24, 48, 72 hours or 7 days of culture, cell cultures were centrifuged and cells were washed 
and stored in 0.5 mL TRIzol at -80°C.

RNA isolation and quantitative PCR

To assess CD25 gene expression, RNA was extracted from TRIzol samples with UltraPure 
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Glycogen (Invitrogen) as a coprecipitant. Quantity and quality control was performed 
using a spectrophotometer (ND-2000, Nanodrop technologies, Rockland, DE, USA). 
Reverse transcription of total RNA was performed with the IScript cDNA Synthesis 
kit (BioRad Laboratories BV, Veenendaal, the Netherlands). Primers for CD25 (fw: 
5’-GAGAAAGACCTCCGCTTCAC-3’, rv: 5‘-CGAGTGGCTAGAGTTTCCTG-3’) and the reference 
gene[83] HPRT1 (fw: 5’-GACCAGTCAACAGGGGACAT-3’, rv: 5‘-CCTGACCAAGGAAAGCAAAG-3’) 
were obtained from Roche Diagnostics (Almere, the Netherlands). Real-time quantitative 
PCR (qPCR) was performed on a BioRad CFX96 system (CFX Manager software 3.1, BioRad), 
using IQ SYBR Green Supermix (BioRad) in samples containing 4 ng cDNA. Absence of 
genomic DNA was checked comparing DNAse treated RNA samples and non-DNAse treated 
samples in a proportion of samples. Samples were run in duplicates with H2O-samples as 
negative controls, and mean relative CD25 mRNA expression, normalized to HPRT1 using the 
deltadeltaCT method (2-ΔΔCT), is reported. 

Flow cytometry

For phenotypical characterization and quantification of CD25 cell surface expression, 
directly after isolation of PBMC cells were stained for surface markers with combinations 
of antibodies, measured by flow cytometry (FACS Canto II flow cytometer, BD Biosciences, 
Breda, the Netherlands) and analysed with FACS Diva software (version 8.01, BD Biosciences) 
as described previously[82, 84]. Regulatory T cells (Treg) are traditionally characterized as 
CD25highCD4+ T cells, of which more recently phenotyping has been further specified based 
on co-expression of CD127 and Forkhead box P3 (FoxP3)[85-88]. Therefore, we used 3 Treg 
definitions: CD3+CD4+CD25+CD127- T cells (CD25+CD127- Treg), CD3+CD4+CD25+FoxP3+ 
(CD25+FoxP3+ Treg) and CD3+CD4+CD25+CD127-FoxP3+ (CD25+CD127-FoxP3+ Treg) 
lymphocytes. CD25 cell surface expression in CD4+ T and Treg populations was quantified by 
assessing the median fluorescence intensity (MFI). Antibodies used were anti CD3-Horizon 
V450 (BD Biosciences), anti-CD4-PerCp (Biolegend, Uithoorn, the Netherlands), anti-CD25-
PECy7 (BD Biosciences), anti-CD127-FITC (E-Bioscience, Hatfield, UK) and, in case of the 
FoxP3 staining, anti-CD3-PerCP (BD Biosciences), anti-CD4-APC (Biolegend), anti-FoxP3-PE 
(E-Bioscience). Gating strategies can be found in supplementary figure 1 (Figure S1).

Soluble CD25 measurement

To assess the extent of shedding of CD25, sCD25 (sIL2R) was measured in plasma by a 
chemiluminescent assay, using a commercially available kit for quantitative measurement 
of sIL2R on the Immulite 2000 (Siemens; 95% reference range 158-623 U/mL). Additionally, 
sCD25 was measured in culture supernatants of activated cells; PBMC (100,000/well) were 
cultured and stimulated with PHA (25 µg/mL), and supernatants were collected after 72 
hours and stored at -80°C.

Statistics

Statistical analyses were performed with SPSS Software (IBM Corp., Armonk, NY, USA). Due 
to non-normal data distribution, median values with 25th – 75th percentile ranges (Q1 – Q3) 
are provided for continuous data. Between group-differences were assessed with the Mann 
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Whitney U test, and Wilcoxon signed-rank tests were used to test paired data within groups. 
Spearman’s rank correlation was used to assess the association between  serum 25(OH)D 
levels at baseline and the T1-T0 ratio of CD25 cell surface expression, reflected by MFI, on 
CD25+CD127- Treg. A p-value <0.05 was considered statistically significant. 

CD25 gene expression in PBMC:  in vivo effect of vitamin D3 supplementation

Berge et al.[80] showed increased CD25 mRNA expression upon short-term in vitro 1,25(OH)2D 
incubation, as well as a correlation between 25(OH)D levels and CD25 mRNA levels, in CD4+ 
T cells of RRMS patients. In a replication experiment using PBMC of healthy volunteers (n=3), 
we similarly observed enhanced CD25-expression by PBMC after treatment with 1,25(OH)2D3 
in vitro (Figure 1). We assessed whether an effect of vitamin D3 supplements on PBMC CD25 
mRNA levels was present in the SOLARIUM study. After 48 weeks, in both the vitamin D3 
(n=30) and the placebo (n=23) group, CD25 mRNA levels did not significantly change over 
time; the median fold change relative to T0 was 0.67 (0.35 – 2.19; p=0.100) for the vitamin 
D3 group, and 0.80 (0.21 – 1.96; p=0.407) for the placebo group. Also, the T1-T0 change in 
relative CD25 mRNA expression did not significantly differ between the treatment groups 
(p=0.895).

CD25 cell surface expression: in vivo effect of vitamin D3 supplementation 

Although we did not observe an effect of supplements on CD25 mRNA expression on the 
long-term in the total PBMC pool, we evaluated the effect of vitamin D3 supplements on 
CD25 cell surface expression by CD4+ T cells. Berge et al.[80] showed increased CD25 cell 
surface expression, as reflected by MFI, upon in vitro 1,25(OH)2D incubation in the whole 
CD4+ T cell fraction, but did not differentiate between effects on conventional CD4+ T cell 
and Treg subsets. Therefore, we evaluated the effect of vitamin D3 supplements on CD25 
cell surface expression on both subsets. Among SOLARIUM participants the MFI of the cell 
surface expression of CD25 on conventional CD4+ T cells did not differ between baseline 
and follow-up in either of the groups, and there was no difference in MFI changes between 
the placebo and the vitamin D3 supplemented group (Table 1 and Figure 2). However, 
when we assessed CD25 MFI on the Treg subsets, a significant reduction in CD25 MFI was 
found within the placebo group after 48 weeks. This was observed for all three of the Treg 
definitions (p=0.001 for CD25+FoxP3+ Treg, p=0.011 for CD25+CD127- Treg and p=0.004 
for CD25+CD127-FoxP3+ Treg; Table 1 and Figure 2). In the vitamin D3 supplemented 
patients a reduction was only found for the CD25+FoxP3+ Treg population (p=0.033), but 
not for other Treg definitions. When comparing week 48/baseline ratios, however, between 
group differences did not reach statistical significance. In the placebo group, the loss of 
CD25 MFI correlated negatively with baseline 25(OH)D levels (Figure 3), suggesting 25(OH)
D-concentration dependency. In the vitamin D3 supplemented patients, CD25 MFI reduction 
on Treg appeared less pronounced and within group-comparisons only reached significance 
for the CD25+FoxP3+ Treg population (p=0.033). When comparing week 48/baseline ratios, 
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Figure 1. Effect of vitamin D on CD25 gene expression in vitro. PBMC of healthy volunteers (HV; n=3) were stimulated 

with phytohaemagglutinin (PHA) and cultured during 24h-7days in the presence (dashed lines) or absence (solid lines) 

of 1,25(OH)2D3 . CD25 mRNA expression, relative to HPRT1 (ΔCT), was assessed by qPCR. The change in CD25 mRNA 

expression relative to the expression directly ex vivo (T0) is depicted (2-ΔΔCT).

Placebo (n = 23) Vitamin D3 (n = 30)
Cell population T0 

M(Q1-Q3)
T1
M(Q1-Q3)

P-
value

T0
M(Q1-Q3)

T1
M(Q1-Q3)

P-
value

P-
value*

Total CD3+CD4+ 746 
(650-
1071)

738 
(596-1087)

0.831 877 
(721-
1082)

879 
(692-
1065)

1.000 0.744

Conventional 
CD3+CD4+

707 
(605-961)

693 
(551-992)

0.808 801 
(687-
1012)

822 
(648-
994)

0.992 0.788

CD3+CD4+CD25
+FoxP3+ Treg 

4699 
(4257-
5475)

4302 
(3369-
4992)

0.001 4837 
(4371-
5521)

4587 
(3928-
5152)

0.033 0.106

CD3+CD4+CD25
+CD127- Treg

5250 
(4559-
6172)

 4706 
(3346-
5721)

0.011 5316 
(4687-
6302)

5006 
(4307-
5461)

0.153 0.136

CD3+CD4+CD25
+CD127-FoxP3+ 
Treg

5544 
(4829-
6418)

4871 
(3801-
5935)

0.004 5547 
(4996-
6235)

5124 
(4822-
5809)

0.100 0.136

Numbers represent the median fluorescence intensity of CD25 in the cell populations as measured by flow cytometry. 

The total CD3+CD4+ T cell population includes Treg, whereas the conventional CD3+CD4+ T cell population does not.

* Between group comparisons of the relative changes using T1/T0 ratios

Table 1: Median fluorescence intensity of CD25 cell surface expression in CD4+ cells 
and Treg populations
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however, between group differences were not significantly different. To consolidate this 
finding and to control for inter-assay variation, we investigated a validation cohort, in which 
data were collected by analyzing pre- and post-supplementation samples in the same assay. 
In this validation cohort, we again found a significant reduction in CD25 MFI on CD25+CD127- 
Treg in the placebo group (n=15; CD25 MFI 3660 (3201 – 4434) to 3459 (3052 – 3783); 
p = 0.023), but not in the vitamin D3 group (n=12, CD25 MFI 3273 (3118 – 4432) to 3502 
(3021 – 4411); p=0.530). However, week 16/baseline ratios were again not different between 
groups (p=0.126). Likewise CD25, a loss of FoxP3 protein expression was observed in the 
SOLARIUM study subjects over 48 weeks in the placebo group (FoxP3 MFI 2762 (2253 – 
3313) to 2404 (2107 – 2870); p=0.042), which appeared less pronounced in the vitamin D3 
group (FoxP3 MFI 2963 (2426 – 3793) to 2780 (2344 – 3444); p=0.360) using the definition of 
CD25+CD127-FoxP3+ Treg, as well as CD25+FoxP3+ Treg (data not shown). Week 48/baseline 
ratios, however, were not significantly different between groups (p=0.266).   

Figure 3. Relation between vitamin D status and change of CD25 cell surface expression on regulatory T 

cells over time. A correlation between serum 25(OH)D levels at baseline and the T1-T0 ratio of CD25 cell surface 

expression, reflected by median fluorescence intensity (MFI), on CD25+CD127- regulatory T cells (Treg) is shown. Black 

dots represent SOLARIUM participants in the placebo group (n=22). The red rhomb represents an influential outlier 

(based on Cook’s distance >1). Spearman’s rank correlation coefficient is shown. T0=baseline; T1=week 48.
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Figure 2. MFI of CD25 on the cell surface of regulatory and conventional CD4+ T cells. A and B) Within group 

comparisons of the MFI of CD25 in CD4+CD3+ conventional T cells at baseline (T0) and at week 48 (T1) in the placebo 

(n=23) and vitamin D3 group (n=30) respectively. C) Between group comparisons of the relative change in MFI of 

CD25 in CD4+CD3+ conventional T cells using T1/T0 ratios. D and E) Within group comparisons of the MFI of CD25 in 

CD4+CD3+CD25+CD127- regulatory T cells (Treg) in the placebo and vitamin D3 group respectively. F) Between group 

comparisons of the relative change in MFI of CD25 in CD3+CD4+CD25+CD127- Treg using T1/T0 ratios. G and H) Within 

group comparisons of the MFI of CD25 in CD4+CD3+CD25+CD127- regulatory T cells (Treg) in the placebo (n=15) and 

vitamin D3 group (n=12) of the validation cohort, respectively. I) Between group comparisons in the validation cohort of 

the relative change in MFI of CD25 in CD3+CD4+CD25+CD127- Treg using T1/T0 ratios. For the validation cohort different 

treatments have been indicated by different colors. As no FoxP3 staining was conducted in the validation cohort, only 

comparisons for CD4+CD3+CD25+CD127- regulatory T cells are depicted. Between group-differences were assessed 

with the Mann Whitney U test, and Wilcoxon signed-rank tests were used to test paired data within groups.

A

D

G

B

E

H

C

F

I



53
Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis

CD25 shedding: in vitro effect of 1,25(OH)2D3 and in vivo effect of vitamin D3 supplementation

The CD25 molecule can be cleft of the cell surface and subsequently shed in the circulation, 
giving rise to the low affinity soluble IL-2R[89]. Shedding of CD25 is dependent on activation 
of T cells and the amount of sCD25 is related to the T cell proliferation rate[90]. Since we 
speculate that CD25 cell surface expression and, therefore, possibly Treg function is better 
preserved upon vitamin D3 supplements, and since 1,25(OH)2D3 has been shown to inhibit T 
cell proliferation in vitro[91-92], we hypothesized that the effect of vitamin D on this shedding 
of CD25 in the circulation would rather be an inhibiting effect. However, after 48 weeks, 
there was a significant reduction in plasma sCD25 in the placebo group (p=0.016), but not in 
the vitamin D3 group (p=0.251), resulting in a significant difference in the change over time 
between the groups (p=0.012) (Figure 4). To explore whether the capacity of PBMC to shed 
CD25 was influenced, we assessed the shedding of CD25 in supernatants by PHA-stimulated 
PBMC after 3 days of culture. There was no significant difference in sCD25 levels in culture 
supernatants within the placebo group (1772 (1211 – 2784) to 1897 (1120 – 2844); p=0.987) 
or the vitamin D3 group (1440 (911 – 2376) to 1978 (1308 – 3279); p=0.144), nor between 
groups (p=0.278). 

Figure 4. Plasma soluble CD25 levels in SOLARIUM participants. A) Within group comparisons in the placebo group 

(n=23), B) within group comparisons in the vitamin D3 group (n=30), and C) between group comparisons of the T1-T0 

changes. Between group-differences were assessed with the Mann Whitney U test, and Wilcoxon signed-rank tests were 

used to test paired data within groups. T0=baseline; T1= 48 weeks.

Although vitamin D status is associated with MS disease outcomes, RCTs on vitamin D3 
supplementation have shown mostly negative or mixed results on clinical and immunological 
outcomes[82, 93-97]. CD25, as part of the IL-2 signaling pathway, may serve an important role in 
immune tolerance.  Since vitamin D in vitro regulates CD25 gene and cell surface expression 
on the whole CD4+ T cell fraction, we used material from an RCT in RRMS patients to assess 
effects of vitamin D3 supplements on CD25 expression as well as the effect for the Treg 
subset in particular. There was no difference in CD25 mRNA expression by PBMC and CD25 
protein expression by conventional and regulatory T cells between the vitamin D3 and the 
placebo group. Therefore, our dataset did not show a straightforward promotion of CD25 

A B C
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expression on CD4+ T cells by vitamin D3 supplements. However, unexpectedly, participants 
of our study displayed a loss of CD25 cell surface expression (MFI) over time, to which Treg 
contributed most within the CD4+ T cell fraction. Although not significantly different between 
the small groups studied, reductions in CD25 MFI for Treg appeared reproducibly more 
pronounced in the placebo group when compared to the vitamin D3 group. Likewise, for 
sCD25 in plasma a significant larger reduction was found in the placebo group compared to 
the vitamin D3 group. Therefore, our data provide some additional support for the hypothesis 
that vitamin D3 supplements may interfere with the apparently dynamic complex network of 
CD25 transcription, synthesis and shedding in vivo in MS, which may contribute to the net 
promotion of immunoregulatory mechanisms.

Interestingly and contrary to our expectations, CD25 cell surface expression by CD4+ Treg 
showed a decline during 48 weeks follow-up in RRMS patients within the first 5 years of 
disease, which imposes an increasing regulatory deficit. As we reported earlier, 48 week 
follow-up of our cohort also revealed alterations in in vitro cytokine production by anti-CD3 
stimulated PBMC and a loss of IL-4+ CD4+ T cells after 48-weeks follow-up in the placebo-
group, but not in the vitamin D3 supplemented group[82]. A similar pattern holds true for 
expression of FoxP3 on Treg, which we report in the current study. Therefore, we observe 
in this SOLARIUM study a dynamic course of several MS-related proteins and cytokines 
expressed by (regulatory) CD4+ T cells in early MS. We were unable to retrieve other scientific 
reports addressing temporal evolution of these outcomes in MS and to evaluate the 
reproducibility of our observations. 

Although vitamin D supplements did not increase CD25 mRNA and cell surface expression, 
as was shown in CD4+ T cells for the in vitro situation, the loss of CD25 cell surface expression 
in Treg appeared slightly attenuated by vitamin D and a role for vitamin D in this loss was 
further suggested by its association with 25(OH)D concentrations. The gradual reduction 
of CD25 cell surface expression in particularly Treg, and an attenuation hereof by vitamin 
D supplements, could be relevant for the disease process of MS. After all, IL-2 signaling 
is important for Treg survival[68-72]. Moreover, CD25 may be (indirectly) important for Treg 
function: in CD25-deficient mice Treg were lacking not only expression of CD25, but also 
FoxP3[98], which is considered mandatory for the immune suppressive function[99]. Indeed, 
FoxP3 expression correlated with T cell suppressive capacity in RRMS[100]. Interestingly, also in 
the current study we saw a concomitant loss of FoxP3. Therefore, it is tempting to speculate 
that vitamin D3 supplements help to better stabilize the Treg pool in patients with RRMS, 
by influencing Treg fitness[77] and maybe function via preservation of CD25 (and FoxP3) 
expression. This would fit in well with our previous findings, as we have shown an association 
between 25(OH)D status and Treg suppressive capacity[84]. 

Soluble CD25 is the result of proteolytic cleavage of surface CD25, which (at least) occurs 
in activated T cells. Elevated levels of sCD25 have been reported in autoimmunity[90, 101-102], 
and also elevated levels have been reported in MS relapse compared to remission[103-104]. 
Therefore, sCD25 is considered a disease activity marker. The function of sCD25 and its 
relevance in autoimmunity, however, is currently unknown. Soluble CD25 has been reported 
either to promote T cell activation by presenting IL-2 to the low-affinity receptors on effector 
cells, or tolerance by limiting IL-2 bioavailability to Treg expressing high levels of high-affinity 
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receptors  [102, 105]. Since vitamin D is considered beneficial for MS and our data show that 
vitamin D supplementation maintains steady sCD25 levels in the circulation of MS patients, 
the tolerogenic function of sCD25 is favored by our data. A reduction in plasma sCD25, within 
physiological ranges, in the placebo group, therefore may indicate a loss in this tolerogenic 
mechanism Overall, a clear-cut explanation for the observed effects of vitamin D on sCD25 
is hampered by the gaps in our knowledge on the function of sCD25. Evidently, sCD25 might 
be an important player in the delicate equilibrium between Treg and effector T cells and this 
is even further complicated by genetic polymorphisms in the CD25 gene that differentially 
correlate with sCD25 levels as well as overall gene expression in healthy controls versus MS 
patients[106].

Berge et al.[80] showed enhancement of CD25 gene and cell surface expression in CD4+ T cells 
by vitamin D in vitro. Therefore, vitamin D may promote transcription and hereby facilitate 
an immunoregulatory pathway in vivo. As the effect is only observed after 24 hours, it may 
be a direct or indirect effect. Our data point to a more complex model of interaction, since 
CD25 mRNA expression by PBMC did not differently evolve between treatment arms during 
follow up. This suggests that regulation may also occur at the post-transcriptional level. 
Not only protein synthesis, but also protein stability or degradation may be affected, i.e. via 
internalization or shedding. Therefore, the molecular mechanisms leading to our observations 
are to be determined. The picture is even more complex, since a general promotion of CD25 
expression in activated T cells by vitamin D may be detrimental: anti-CD25 targeted therapies 
are an efficacious treatment in RRMS[73-74]. Therefore, the interaction between anti-CD25 
targeted therapies and vitamin D status remains to be investigated. 

This study has several limitations. Regrettably, we did not isolate mRNA of CD4+ T cells to 
validate these findings on mRNA levels, likewise Berge et al.[80], and we did not distinguish 
mRNA expression and sCD25 levels for conventional and regulatory T cells, as we were bound 
by the use of PBMC stored in TRIzol. Also, our sample size was small reducing the power 
of our study, which may contribute to the absence of significant differences in between 
group comparisons. This limitation may be slightly attenuated by the comparable findings 
in the validation cohort. Furthermore, functional assays for assessment of the suppressive 
capacity of Treg, have not been performed as part of the SOLARIUM study. Additionally, 
serum IL-2 levels have not been studied. These have been studied in another RCT on vitamin 
D3 supplements in RRMS and were not different between vitamin D3 and placebo arm[96].

Although our study did not show a clear promotion of CD25 mRNA and protein expression 
by CD4+ T cells from MS patients supplemented with vitamin D3, it raises the hypothesis 
of a progressive deficit in the CD25 axis, particularly in Treg, in early RRMS. This may lead 
to sustained immune disturbance and disease activity. Furthermore, although the exact 
mechanisms were not dissected and effects of other key players in the IL-2/IL-2R pathway, 
like IL-2 levels and genetic polymorphisms in the CD25 gene, are yet to be determined, our 
data point to a role of vitamin D in the regulation of the kinetics at several levels, which 
may be important for maintenance of a functional Treg population, and overall immune 
homeostasis, in MS.
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Figure S1: Gating strategy of regulatory T cells. Regulatory T cells were stained directly ex vivo and were gated on 

CD3+CD4+ T cells of the lymphogate as either CD25+CD127- or CD25+FoxP3+, or CD25+CD127-FoxP3+ T cells. CD25 MFI 

was determined for each of the cell subsets, including NOT-Treg cells, being conventional CD3+CD4+ T cells.
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F= female; M= male; Q1-Q3= 25th – 75th percentile; EDSS= expanded disability status scale; BMI= body mass index

Placebo (n = 23) Vitamin D3 (n = 30)
Sex (n)
F/M 14/9 21/9 

Age (years)
Mean (±SD) 37.2 (±9.6) 37.7 (± 7.2)

Disease duration (months)
Median (Q1-Q3) 7.3 (4.1 – 12.3) 7.3 (5.0 – 11.9)

Treatment duration (months)
Mean (±SD) 4.9 (±2.5) 6.0 (±3.0)

EDSS score
Median (Q1-Q3) 2 (1.5 – 2.5) 2 (1.5 – 2.5)

Relapses in previous 2 years 
(n)
1
2
≥3

19
2
2

15
12
3

BMI (n)
<25 kg/m2

≥25 kg/m2

10
13

14
16

Ethnicity (n)
Caucasian
Other

23
0

28
2

25(OH)D (nmol/L)
Median (Q1-Q3) 54 (43 – 63) 60 (38 – 85)

Table S1: Baseline characteristics of the SOLARIUM participants
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Table S2: Baseline patient characteristics of the validation cohort

Placebo (n = 15) Vitamin D3 (n = 12)
Sex (n)
F/M 15/0 12/0 

Age (years)
Mean (Q1-Q3) 35.1 (33.0 – 45.0) 39.7 (26.7 – 44.6)

Disease duration (years)
Median (Q1-Q3) 5.4 (1.8 – 6.8) 3.1 (2.0 – 10.0)

Treatment, n (%)
No DMD
Interferon-bèta
Glatiramer acetate
Dimethylfumarate
Teriflunomide

1 (6.7)
8 (53.3)
2 (13.3)
4 (26.7)
0 (0)

2 (16.7)
7 (58.3)
0 (0)
1 (8.3)
2 (16.7)

EDSS score
Median (Q1-Q3) 2 (1.0 – 2.0) 2 (1.1 – 2.0)

Relapses in previous year (n)
0
1
2

12
3
0

10
1
1

BMI (n)
<25 kg/m2

≥25 kg/m2

4
11

10
2

Ethnicity (n)
Caucasian
Other

15
0

12
0

25(OH)D (nmol/L)
Median (Q1-Q3)

78.4 (71.2 – 95.2) 75.9 (71.2 – 132.3)

F= female; M= male; Q1-Q3= 25th – 75th percentile; EDSS= expanded disability status scale; BMI= body mass index

Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis



59
Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis Chapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosisChapter 2 - Vitamin D and T cell mediated CD25 expression in multiple sclerosis



60
Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review

 3



61
Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review

Published as: Illuminating vitamin D effects on B cells - the multiple 
sclerosis perspective.

Linda Rolf, Anne-Hilde Muris, Raymond Hupperts and Jan 
Damoiseaux. Immunology, 2016; 147:275-84.



62
Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review



63
Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review Chapter 3 - Vitamin D and B cells in multiple sclerosis: a review

Vitamin D is associated with many immune-mediated disorders. In multiple sclerosis (MS) a 
poor vitamin D status is a major environmental factor associated with disease incidence and 
severity. The inflammation in MS is primarily T-cell-mediated, but increasing evidence points 
to an important role for B cells. This has paved the way for investigating vitamin D effects on 
B cells. In this review we elaborate on vitamin D interactions with antibody production, T-cell-
stimulating capacity, and regulatory B cells. Although in vitro plasma cell generation and 
expression of co-stimulatory molecules are inhibited and the function of regulatory B cells 
is promoted, this is not supported by in vivo data. We speculate that differences might be 
explained by the B-cell – Epstein-Barr virus interaction in MS, the exquisite role of germinal 
centres in B cell biology, and/or in vivo interactions with other hormones and vitamins that 
interfere with the vitamin D pathways. Further research is warranted to illuminate this tube-
versus-body paradox.
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The chemical structure of vitamin D was discovered in the 1930s[107]. At that time, it was ‘the 
miracle vitamin’ found to be the missing agent in the aetiology of rickets. Since then, vitamin D 
has gained a lot of interest in a variety of research fields apart from that of bone metabolism. 
The results of this research suggest that this component can have profound effects on 
human health. Currently, vitamin D deficiency seems to play a role in many immune-mediated 
disorders, including autoimmune and allergic disorders. Vitamin D deficiency is one of the 
major environmental factors associated with the development of multiple sclerosis (MS), 
and its effects on the immune system in relation to the disease course of MS have been 
extensively investigated. Therefore, to address the immunomodulatory effects of vitamin D, 
MS is considered a well-suited model.

Multiple sclerosis is a chronic inflammatory and neurodegenerative disorder of the central 
nervous system (CNS). Local inflammatory processes cause demyelination and neuron 
damage, with disabling neurological symptoms as a consequence. Several types of MS can 
be distinguished, but most patients present with relapsing-remitting MS (RRMS)[1]; RRMS 
is characterized by episodes of neurological deterioration (relapses) followed by recovery 
(remissions). Over the years recovery will become incomplete in most cases and the disease 
will gradually worsen, entering a progressive phase, called secondary progressive MS (SPMS)
[7, 55]. In this later stage neurodegeneration is thought to be predominant, whereas in the 
early RRMS phase inflammation is thought to be the main invalidating mechanism. This 
inflammation in MS is considered to be primarily T-cell-mediated, but increasing evidence 
points to an important role for B cells as well. 

Vitamin D influences several cells of the human immune system[46]. T cells and antigen 
presenting cells have been studied most extensively. Since the introduction of B-cell-
depleting therapies and the subsequent shift in thinking about B cell biology in autoimmune 
diseases, B cells have entered the stage for further research as a possible target for vitamin 
D effects. We here review the role of B cells and the role of vitamin D in MS, and subsequently 
elaborate on vitamin D effects on B cells, which should spark interest for further research on 
this topic in MS.

Historically, immunological findings in MS pointed to a pathogenic role of  B cells; in the 
1940s increased levels of immunoglobulin were detected in the cerebrospinal fluid (CSF)
[108]. Oligoclonal bands (OCBs) in the CSF, discovered in 1959[109], became a hallmark of MS, 
and are still included in the diagnostic criteria for MS. They are present in almost 90% of 
patients with MS[110], and elevated immunoglobulin levels and OCB numbers in the CSF have 
been associated with a worse prognosis[111-113]. The immunoglobulin production by clonally 
expanded B cells implies an antigen-driven immune response in the CSF or, more likely, 
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the CNS. Indeed, autoantibodies targeting myelin or CNS specific components have been 
found, but only in rare cases they correspond with the OCBs[114-115]. Still, the list of candidate 
antigens for autoantibodies is growing, and they may target myelin proteins such as 
transaldolase[116], myelin oligodendrocyte glycoprotein[117] or myelin basic protein[118-119], and 
some glycolipids[120]. Non-myelin antigens such as αB-crystallin, KIR4.1 and SPAG16 have also 
been shown to be possible targets[121-123]. Although traditionally the autoantibody production 
has been considered to be implicated in MS, the pathogenicity of these autoantibodies in MS 
is not firmly established. Barnett et al. argue that immunostaining of immunoglobulin at sites 
of myelin destruction, which is often conceived as an indication for anti-myelin antibodies, is 
non-specific for MS and is found equally in disrupted myelin in other neurological diseases[124].  

Nevertheless, B cells are present in the CSF of patients with MS, whereas hardly any B cells 
are observed in controls. These B cells are not only plasma cells. In fact, the majority of 
these B cells consist of CD19+CD27+CD138- memory B cells[125-126]. Furthermore, besides 
being present in the CSF, B cells, plasma blasts, plasma cells and antibodies have been 
found in the brain parenchyma, white matter lesions and leptomeninges of patients with 
MS. Because these CSF/CNS B cells largely are antigen-experienced B cells, it has been 
questioned whether the activation and maturation of these cells occur within or outside the 
CNS, or perhaps even on both sides of the blood-brain barrier. Clonally related B cells in MS 
have been found both in the CNS and the peripheral blood compartment, implying that they 
are able to exchange across the blood-brain barrier[127]. Although B cells belonging to the 
bi-compartmental clusters were shown by Palanichamy et al. to be IgG class-switched B cells, 
which probably undergo somatic hypermutation both in the secondary lymphoid tissues and 
in the CNS, no conclusions could be drawn regarding the origin of antigen stimulation in this 
study[128]. Other recent findings, however, point to the secondary lymphoid tissues as the 
initial site of B cell activation[129]. Using antibody repertoire sequencing, B cells from the CNS 
and draining cervical lymph nodes were compared, and the majority of founding members of 
clones, defined by the fewest mutational events, were found to be derived from the cervical 
lymph nodes[129].

Although initial activation of B cells probably occurs outside the CNS, reactivation and 
continued (affinity) maturation can still occur within the CNS. Accumulations of B cells have 
been found in the inflamed meninges of patients with SPMS, particularly localized along or 
in the depth of cerebral sulci[130-131]. These follicle-like structures are well organized, comprise 
functional germinal centres, contain mainly CD27+ memory B cells and are infiltrated with 
CD4+ and CD8+ T cells[132]. Therefore, those ectopic lymphoid follicles (ELFs) enable further 
B cell maturation, and these structures may be important in the pathology of MS. The more 
so, because B cells from these aggregates have been shown to be related to the ones found 
in the brain parenchyma[133]. The formation of ELFs in (heavily) inflamed target organs is 
also found in other autoimmune diseases, such as myasthenia gravis and rheumatoid 
arthritis, and in infectious conditions as well[134]. The presence of ELFs is often a transient 
feature[135]. However, chronic inflammation ensures the maintenance of ELFs, which in turn 
enables sustained local inflammation or even amplification of the inflammatory loop. The 
selective finding of ELFs in SPMS is due to the availability of post-mortem tissue. However, 
the formation of ELFs is probably not related to disease duration[136], but more to aggressive 
disease[131, 134]. In SPMS, the presence of ELFs is associated with a more severe disease 
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course and substantial cortical pathology. The localization of ELFs adjacent to subpial cortical 
lesions suggests that pathogenic factors, such as autoantibodies and cytokines, derived from 
these structures, cross the pia mater and cause or contribute to the cortical damage[131-132]. 
However, in contrast, cortical lesions do not often co-localize with the B-cell aggregates[132], 
so those lesions may also be the result of overall severe meningeal inflammation. In the 
murine model of MS, experimental autoimmune encephalitis (EAE), ELFs have also been 
found shortly after disease induction and their development has been related to T helper 17 
(Th17) cells[137]. These pro-inflammatory Th17 cells are considered pathogenic in MS[138], and, 
interestingly, were shown to be recruited by B cells[139].

Interestingly, CNS-infiltrating B cells were reported to be infected with the Epstein-Barr virus 
(EBV)[140]. Almost all patients with MS are infected with EBV, and the virus is considered to be 
an environmental risk factor for MS. EBV latently persists in memory B cells, and viral proteins 
can provide signals that promote proliferation and activation of these cells. It is postulated 
that the abnormal B cell activation in the CNS, as shown by the increased immunoglobulin 
levels in the CSF, is the result of a dysregulated EBV infection[29, 140]. The group of Serafini et 
al. repeatedly showed that an evident proportion of CNS infiltrating B cells, including plasma 
cells, expresses EBV latent or early lytic proteins[140], and  that these EBV-infected B cells are 
present in the MS brain and particularly in the meningeal B cell aggregates[140-142]. Also in the 
cortical lesions EBV-infected B cells were found, together with CD8+ T cells in close contact 
with plasma blasts/plasma cells expressing EBV lytic proteins[141]. These findings, however, 
remain controversial[143]. Only one other group has found EBV-infected cells in (active) MS 
lesions[144], whereas others could not replicate the findings of Serafini et al.[143], not even 
when the same tissue samples were used[145]. Discrepancies in the results were attributed 
to methodological differences in detection of EBV (in post-mortem tissue)[143, 146], for which 
also no consensus has been reached[143]. Interestingly, EBV-infected B cells were also found 
in ELFs in rheumatoid arthritis and Sjögren’s syndrome[147-148], and, although controversial, 
it is tempting to speculate that EBV-infected B cells and plasma cells are involved in the 
inflammatory process. They may be more prone to activation, expansion, and maturation. It 
has been suggested that their activation may be antigen non-specific, revealing diverse OCB 
patterns in patients with MS[29, 149]. Antigen-specific activation and affinity maturation may 
have started in the periphery in response to other pathogens before migration to the CNS, 
explaining why aside from antibodies against CNS antigens, antibodies are produced against 
a diversity of pathogens, including varicella zoster, herpes simplex, rubella and measles 
viruses[150].

Having discussed the types of B cells that can be found in the CNS, their possible origin 
outside and their localization within the CNS, another important question is: how exactly do 
they contribute to the CNS inflammation? Because B-cell-depleting drugs appeared to be 
effective in RRMS, investigators were encouraged to look at B cells from another perspective. 
Treatment with rituximab, a CD20-depleting drug, remarkably reduced the number of (new) 
gadolinium-enhancing lesions after 12-48 weeks of treatment, and significantly reduced 
the risk of relapses as compared to placebo[151]. Comparable results were achieved with 
ocrelizumab, another CD20-depleting drug, which also has been shown to significantly 
reduce MRI activity and relapses as compared to interferon-β therapy[152]. Since plasma cells 
do not express CD20 and are not eradicated by these treatments, the efficacy of treatment 
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is thought to be due to antibody-independent mechanisms. Pathogenic functions of B 
cells in MS, therefore, are more likely to include antigen presentation, cytokine/chemokine 
production and/or T-cell co-stimulation, all adding up to the T-cell-mediated responses. This 
is supported by the fact that reduced numbers of T cells were observed in the circulation 
after rituximab treatment[153]. With respect to cytokine production, B-cell-depleting therapies 
have increased awareness that B cells may produce pro- and anti-inflammatory cytokines. 
This balance seems to be disturbed towards more pro-inflammatory cytokines in patients 
with MS. Indeed, B cells from patients with RRMS, compared to healthy controls, secrete 
more lymphotoxin, tumour necrosis factor-α, and granulocyte-macrophage colony-
stimulating factor[154-155]. Also, B cells of patients with MS were less capable of producing the 
regulatory cytokine Interleukin-10 (IL-10)[154, 156]. Production of IL-10 by B cells is currently the 
most accepted way of defining a subpopulation called regulatory B (Breg) cells. Phenotypic 
definitions of Breg cells have been proposed and include CD19+CD38hiCD24hi B cells, in which 
subpopulation the IL-10-producing B cells were enriched[157], and CD19+CD5+CD1dhi B cells, 
which is the Breg cell population in experimental models of inflammation[158]. However, a widely 
accepted phenotypical definition in humans is still lacking. When looking at IL-10-producing 
B cells, we and others have demonstrated that IL-10+ Breg cell numbers are reduced in 
patients with RRMS[155, 159], although a preserved Breg cell frequency, as well as function, in 
MS also has been reported[160]. Breg cells have an important function in suppressing disease 
activity, possibly through inhibition of Th1 and Th17 differentiation[161] or the induction 
and/or maintenance of regulatory T cells[23, 162-163]. Altogether, B cell depletion will not only 
eliminate pathogenic B cells, but also enables a resetting of the B cell compartment, resulting 
in re-establishment of the balance between pro-inflammatory and anti-inflammatory B cells. 
Indeed, in myasthenia gravis it was shown that after rituximab treatment, responders to the 
treatment had a faster repopulation of Breg cells[164]. 

In the context of B-cell-depleting therapies a link with EBV was made. After all, B-cell-
depleting drugs not only deplete normal CD20+ B cells, but also eliminate the EBV-infected 
memory B cells. In marmosets anti-CD20, but not anti-Blys and anti-APRIL, therapy could 
prevent EAE, which may be explained by the reduction of the EBV load in the spleen and 
lymph nodes only after anti-CD20 therapy[165]. Obviously, if peripheral EBV-infected B cells 
are eliminated, migration of these cells towards the CNS is prevented as well. Alternatively, 
antigen presentation by EBV-infected B cells in the secondary lymphoid tissues is reduced, 
as it is suggested that EBV-infected B cells contribute to MS because they have an increased 
capacity to present soluble (auto)antigen via their up-regulated MHC class 1b to autoreactive 
CD8+ cytotoxic T cells [166].

Overall, B cells seem to be important in the pathogenesis of MS, although their precise role 
and the stage of the disease in which they might play a role is not entirely clear. At least it can 
be concluded that other B cell functions than auto-antibody productioncan be part of the MS 
pathogenesis than autoantibody production alone. Possibly, B cells initiate disease when they 
are infected with EBV and subsequently trigger autoreactive CD8+ T cells that cause tissue 
injury in the CNS. However, B cell presence and activation in the inflamed CNS of MS seem 
to particularly contribute to chronicity of the inflammatory process. Following initial tissue 
injury numerous antigens are released, which may be captured by or even lead to activation 
of B cells both in the CNS, where they have been recruited, and in the draining cervical lymph 
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nodes. If the peripheral antigen-experienced B cells migrate to the CNS, they contribute to 
the inflammatory process by several effector functions, including antigen-presentation to T 
cells, cytokine production and antibody production. Their actions enhance T-cell-mediated 
responses. Moreover, they contribute in recruiting Th17 cells, which augment the pro-
inflammatory response even more and also contribute to the development of ELFs. These 
structures provide excellent sites for antigen presentation and continued B cell maturation, 
leading to ongoing inflammation.

Many observations have contributed to the idea that a poor vitamin D status plays a role 
in the pathogenesis of MS. One of the first observations concerned the geographical 
distribution of MS, showing that the prevalence of MS is higher on greater distances from 
the equator[167], which suggested a role for sunshine or UVB radiation exposure[37]. When 
exposed to the UVB fraction of sunlight, the vitamin D precursor 7-dehydroxycholesterol in 
our skin is, via previtamin D3, converted to vitamin D3 (cholecalciferol). This is transported 
to the liver where it is hydroxylated into 25-hydroxy vitamin D (25(OH)D). This is the main 
vitamin D metabolite measured in blood, and low levels of this metabolite were found in sera 
of patients with MS[59, 168-169]. Levels were lower compared with those of healthy controls[81, 

168]. 25(OH)D is further transported to the kidney, where it is hydroxylated by the enzyme 
1-α-hydroxylase (CYP27B1) to the biologically active 1,25-dihydroxy vitamin D (1,25(OH)2D3 ; 
calcitriol). 1,25(OH)2D3  can perform its actions after binding to vitamin D receptors (VDR) in 
the cytosol of multiple cells, including immune cells. The latter also express CYP27B1, and 
therefore can facilitate the hydroxylation step from inactive to active vitamin D themselves. 
Furthermore, the enzyme for breaking down vitamin D, 24-hydroxylase (CYP24A1), is also 
expressed by different types of immune cells, which enables these cells to balance or adjust 
the amount of active vitamin D in their surrounding area (autocrine actions), as well as to 
influence vitamin D actions on neighboring cells (paracrine actions). Interestingly, both genes 
encoding these enzymes, CYP27B1 and CYP24A1, were found to be associated with MS 
in large genome-wide association studies (GWAS)[32, 170], which further supports a role for 
vitamin D in the development of MS.

A poor vitamin D status is associated with a higher incidence of MS. In a large prospective 
case-control study including over 7 million people of the US military, Caucasian individuals 
with serum 25(OH)D levels in the upper quintile (>99 nmol/L) had a MS risk reduction of 62% 
compared to Caucasian individuals with serum 25(OH)D levels in the bottom quintile (<63 
nmol/L)[39]. Among the individuals younger than 20 years the risk reduction was even 90%, 
when comparing serum 25(OH)D levels >100 nmol/L with those <100 nmol/L[39]. In a Swedish 
population comparable risk reductions were found[171]. Maternal vitamin D levels during early 
pregnancy or vitamin D levels at birth were not associated with MS incidence later in life[171-

172], suggesting that optimal levels of vitamin D are particularly important during childhood or 
adolescence. Clues to a protective effect of vitamin D by dietary intake or supplementation 
on MS incidence were obtained from a study in two large cohorts of American female 
nurses[38]. This study showed that the risk of developing MS was lower in the highest quintile 
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of vitamin D intake compared to the lowest quintile (relative risk 0.67, 95% CI 0.40 - 1.12; P 
= 0.03). Furthermore, nurses who took vitamin D supplements (≥ 400 IU/day) had a relative 
risk of 0.59 (95% CI  0.38 - 0.91; P = 0.006) of developing MS compared with nurses who did 
not take vitamin D supplements[38].

Vitamin D status is not only considered of importance in the development of MS, but it 
may also influence the disease course. Several studies have shown associations of serum 
25(OH)D levels with MS disease activity. During relapses, serum 25(OH)D levels appeared to 
be lower[169], and lower serum 25(OH)D levels have also been associated with an increased 
risk of relapses[61] and new lesions on MRI[41-43]. A 50 nmol/L increase in 25(OH)D level has 
been calculated to result in a decrease in the relapse rate of 41-55%[41, 173]. Furthermore, 
inverse correlations between 25(OH)D levels and the level of disability have been found[42, 

59]. The correlations were not observed for disability progression[59-61], except for a study 
including only clinically isolated syndrome (CIS) patients[53]. Here a poor vitamin D status was 
associated with more cerebral lesion accumulation, more brain atrophy and more disability 
progression over time[53]. This is in accordance with our observation that patients who had an 
early progression to SPMS had lower 25(OH)D levels at MS diagnosis than matched patients 
not (yet) converted to SPMS (chapter 1). However, clinical (MRI) outcomes also have been 
shown to be dependent on intra-individual fluctuation in 25(OH)D levels because of seasonal 
variation[174]. Therefore, results of association studies may be influenced by confounding 
factors that also show seasonal variation, such as UV radiation[175] or melatonin[176]. 

To examine potential causal effects of vitamin D, supplementation trials are mandatory. 
Some small clinical trials with high-dose vitamin D supplementation support the evidence 
for a role of vitamin D in the course of MS, whereas others do not. In 1986, vitamin D 
supplementation in the form of cod liver oil (5000 IU/day) in combination with calcium and 
magnesium was investigated in 10 patients with MS[177]. After 1-2 years of supplementation, 
fewer relapses (n=9) were observed in the total group than expected (n=22) based on the 
patient histories[177]. In a more recent Canadian study, 12 patients with active MS were 
supplemented with escalating dosages of vitamin D3 (28 000 – 280 000 IU/week) for 28 
weeks[178]. Although no effect on relapse rate could be found in this short follow-up period, 
there was a significantly lower number of new active lesions compared with the study 
baseline. A few years later, the same research group reported a trend towards a beneficial 
effect on relapse rate after 1 year of follow-up in 25 supplemented patients compared with 
24 matched controls[179]. Thus far, randomized controlled trials have not confirmed these 
results. In the first randomized controlled trial (20 000 IU/week; n=66) most clinical and MRI 
effects in favour of vitamin D did not reach significance[94]. Other studies did not confirm 
beneficial effects of vitamin D at all[93, 180]. However, the results of these studies need to be 
confirmed by adequately powered randomized controlled trials, which are currently ongoing 
(SOLAR, CHOLINE and VIDAMS)[181-183]. 
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Human B cells are able to respond to vitamin D. They constitutively express low levels of the 
vitamin D receptor, which is up-regulated upon B cell stimulation[184-185]. This also holds true 
for the expression of CYP27B1[184]. Whereas vitamin D receptor expression increases even 
further in the presence of 1,25(OH)2D3, CYP27B1 is not further up-regulated[184]. CYP24A1, 
on the contrary, is expressed only in the presence of 1,25(OH)2D3

[184], which also indicates 
the functionality of the B cell vitamin D receptor. Therefore, B cells can perfectly respond 
to and balance the amount of biologically active vitamin D in their micro-environment. As 
already described (vide supra) several B cell functions may play a role in MS: (i) production 
of autoantibodies, (ii) formation of B cell follicles with germinal center activity, (iii) antigen 
presentation, (iv) production of pro-inflammatory cytokines, and (v) anti-inflammatory 
immune regulation (Breg cells). To explore B cell biology in vitro, B cells can be stimulated 
in various ways and it is still a matter of debate which stimuli have to be used to investigate 
the respective B cell functions. B cells can be activated either via receptors of the adaptive 
immune system, like the B cell receptor and CD40, or via receptors of the innate immune 
system, such as Toll-like receptors. Adaptive stimulation preferentially results in plasma cell 
generation and immunoglobulin production, whereas upon innate stimulation cytokine 
production and antigen presentation prevail. 

Plasma cell differentiation and Ig secretion Chen et al. found that activated human B cells, 
which were induced to proliferate via the adaptive route with anti-CD40/anti-IgM/IL-21, will 
go into apoptosis in the presence of 1,25(OH)2D3 after a few days of culture. Addition of 
1,25(OH)2D3 did not influence initial cell division, but because of the induction of apoptosis, 
ongoing proliferation was prevented[184]. Furthermore, in the presence of 1,25(OH)2D3, 
a reduction in the frequency and number of plasma cells, defined as CD19+/-CD38+CD27+ 
lymphocytes, was observed. This involved IgG- and IgM-producing plasma cells, resulting in 
reduced total amounts of IgG and IgM[184]. Reductions in immunoglobulin production in vitro 
by 1,25(OH)2D3 were also reported by others[91, 186-187], but it should be noted that in these 
studies all cell cultures were performed with 1,25(OH)2D3 added at the start of stimulation. 
Chen et al., however, showed that when 1,25(OH)2D3 was added 5 days after initial 
culturing with stimuli, 1,25(OH)2D3 no longer had the inhibitory effect on immunoglobulin 
production[184]. Comparable results were observed by Iho et al. in human peripheral blood 
mononuclear cells stimulated with pokeweed mitogen. In the presence of 1,25(OH)2D3 the 
number of IgG plaque-forming cells significantly decreased in a dose-dependent manner, 
but only when it was added at the start of the culture period and not after 5 days[188]. So, 
in vitro plasma cell generation is inhibited by 1,25(OH)2D3, but already developed antibody 
production remains intact. 

The inhibitory effects of vitamin D on immunoglobulin production have not been confirmed 
in vivo. IgG levels in serum and CSF of patients with MS did not correlate with 25(OH)D 
concentrations[189]. Also, after 12 weeks of high dose vitamin D3 supplementation, patients 
with RRMS did not show differences in total plasma IgG and IgM levels[190]. Furthermore, in 
non-MS patients serum 25(OH)D levels did not influence the specific antibody responses 
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to infection or after vaccination[191]. We can only speculate why we do see vitamin D effects 
on plasma cell generation in vitro, but not in vivo (Figure 1). Based on their life span, plasma 
cells can be classified into short-lived and long-lived plasma cells. As reviewed by Radbruch 
et al., to become long-lived plasma cells, survival signals are required, which are provided 
by so called survival niches[192]. Those niches mainly can be found in the bone marrow. 
However, plasma cell precursors (plasma blasts) have to home to the bone marrow, have to 
compete for the limited survival niches, and have to respond well to the survival signals. The 
extent to which these abilities are obtained may depend on the stimuli during the activation 
process of B cells towards plasma cells[192]. This also may explain the difference between 
the in vitro and in vivo findings for vitamin D. Stimulation of B cells in vitro is out of the 
context of a germinal centre reaction and survival niches (Figure 1a). Since bone marrow 
plasma cells are more affinity selected[193], germinal centre processes seem to be essential 
for the adequate generation of plasma cell precursors to become long-lived plasma cells[192]. 
Therefore, in vitro experiments will show vitamin D effects on short-lived, but not long-lived 
plasma cells. In vivo, however, circulating blood IgG levels mainly are the result of germinal 
centre-produced plasma cells, which are more likely to be long-lived (Figure 1b). Since these 
IgG levels in vivo are not influenced by vitamin D, vitamin D does not seem to influence 
long-lived plasma cell generation in germinal centres. With respect to intrathecal IgG levels, 
which are predominantly produced by short-lived plasma blasts[125], one would expect also 
a decrease upon vitamin D supplementation. We speculate that germinal centre processes 
in ELFs are inadequate for the generation of long-lived plasma cells and, therefore, that IgG 
production initiated within these ELFs is susceptible to inhibition by vitamin D (Figure 1c). It 
was shown, however, that there is no correlation between IgG levels and vitamin D levels in 
the CSF[189]. CSF IgG levels before and after supplementation of vitamin D, lack of vitamin D 
effects on CSF IgG may be explained by the observations that CSF plasma blasts and plasma 
cells are largely antigen-experienced and have probably been generated in germinal centres 
outside the CNS. However, no in vivo experiments with respect to vitamin D and germinal 
centre reactions have been established to support our hypothesis. 

Although total IgG levels in vivo seem not to be influenced by vitamin D, an effect has been 
described for some antigen-specific antibodies. Most intriguing is the relation between 
vitamin D status and antibodies to the EBV nuclear antigen 1 (EBNA-1). Data of Décard et al. 
suggest that in the 2-3 years before the clinical manifestation of MS serum 25(OH)D levels 
decline, while anti-EBNA-1 IgG titres increase[194]. Moreover, after 12 weeks of high-dose 
vitamin D3 supplementation in individuals with RRMS anti-EBNA-1 IgG levels were significantly 
decreased, while total IgG levels remained stable[195]. In an Iranian study, although the title 
of the study suggests otherwise, anti-EBNA-1 IgG levels were unaltered after vitamin D3 
supplementation in their RRMS cohort[196]. Other antigen-specific immunoglobulins were not 
investigated in these studies. As EBV infection is a well-recognized environmental risk factor 
for MS, it is tempting to speculate that there is a specific link between vitamin D status and 
immune responses to EBV. Following the line of thoughts about short-lived and long-lived 
plasma cells and the requirement of functional germinal centres to generate plasma cells 
with a selection advantage for becoming long-lived plasma cells, since 12 weeks of vitamin 
D supplementation already leads to reduced anti-EBNA-1 titers, it can be assumed that at 
least part of the anti-EBNA-1 producing plasma cells is not long-lived. We hypothesize that 
these plasma cells are generated in the ELFs within the CNS, which might contain functionally 
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inferior germinal centers as compared to secondary lymphoid organs. This implies that, also 
in vivo, plasma cell generation may be inhibited by vitamin D as far as it involves suboptimal 
B cell activation in ELFs. It is challenging, though, to test this hypothesis in animal models. 
Alternatively, the presence of survival niches in inflamed tissues has been recognized to be 
important for providing specific antibodies at the site of inflammation[192]. When inflammation 
resolves, as influenced by vitamin D, these survival niches degenerate and plasma cells in 
these tissues will die, resulting in reduced antibody production.

Figure 1. Schematic overview of the plasma 

cell generation in vitro and in vivo, with the 

hypothesized vitamin D effects explaining 

the tube-versus-body paradox.

(a) In vitro activation of B cells in the presence of 

vitamin D inhibits plasma cell generation and the 

subsequent Ig-production. No germinal centres 

(GCs) and survival niches (SN) are present. (b) In 

vivo plasma cell generation outside the central 

nervous system (CNS) may occur outside or (in 

most cases) within lymph secondary lymphoid 

tissue / GCs. In case GC processes (class-switch 

recombination /somatic hypermutation) are 

involved, plasma blasts may be generated with 

a selection advantage for becoming long-lived 

plasma cells. Those reside in SN, enabling 

ongoing immunoglobulin production (stable 

immunoglobulin levels). (c) In vivo plasma cell 

generation within the CNS probably takes place 

in ectopic lymphoid follicles. Here functionally 

inferior GCs compared to the ones of secondary 

lymphoid tissue, generate plasma blasts 

without the selection advantage for becoming 

long-lived plasma cells. Abbreviations: B, B 

cell (naive/memory); PB, plasma blast; PC, 

plasma cell; CNS, central nervous system; SLT, 

secondary lymphoid tissue; TZ, T-cell zone; GC, 

germinal centre; Bm, memory B cell; PCsl,short-

lived plasma cell; PCll, long-lived plasma cell; SN, 

survival niche; ELFs, ectopic lymphoid follicles.

A

B
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B-cell-mediated T-cell stimulation

For optimal induction of T cell responses there is a need for cells that are able to present 
antigen, together with appropriate co-stimulation and a pro-inflammatory environment. It is 
known that B cells of MS patients secrete increased amounts of pro-inflammatory cytokines, 
such as lymphotoxin, tumour necrosis factor-α and IL-6. To our knowledge no data are 
available regarding the effects of vitamin D on the production of pro-inflammatory cytokines 
by B cells. Drozdenko et al.[197] investigated whether the antigen presenting function of B 
cells can be influenced by vitamin D, mainly by looking at the T-cell stimulatory capacity. 
They activated human purified B cells, both naive and memory cells, via the adaptive route 
with anti-CD40 and IL-4 during a 2-day culture, in the presence or absence of 1,25(OH)2D3 
. Subsequently they cultured naive T cells with these pre-activated B cells for 7 days. In co-
cultures with B cells pre-activated in the presence of 1,25(OH)2D3, T-cell proliferation and 
frequencies of T cells expressing CD40L, IL-4 and IL-2 were reduced compared with co-
cultures with B cells pre-activated in the absence of 1,25(OH)2D3. Typically, this was only 
observed for naive B cells, but not for memory B cells[197]. In dendritic cells 1,25(OH)2D3  
down-regulates the expression of the co-stimulatory molecules CD40, CD80 and CD86[198-

199]. Drozdenko et al. reported that also in naive B cells, which showed increased expression 
of CD86 upon adaptive activation[184, 197], CD86 up-regulation was reduced in the presence of 
1,25(OH)2D3

[197]. Therefore, the reduced T cell activation in co-cultures with naive B cells pre-
activated in the presence of 1,25(OH)2D3, can be explained by the inhibition of adequate T 
cell co-stimulation by 1,25(OH)2D3. When translating these findings to MS pathogenesis, it is 
not clear whether these effects of vitamin D on naive B cells is of importance, as particularly 
memory B cells have been implicated in the pathogenesis of MS. Memory B cells constitutively 
express CD80 and CD86, and upon activation the expression is higher compared with 
activated naive B cells[200]. Furthermore, antigen-experienced memory B cells are considered 
better antigen-presenting cells compared with naive B cells. The consequence of the finding 
that 1,25(OH)2D3 inhibits up-regulation of co-stimulatory molecules in naive B cells, therefore, 
needs to be further explored.

Regulatory B cells: immune regulation via IL-10 production

As already mentioned, the subset of IL-10-producing B cells (Breg cells) seems to be reduced 
in number or functionally impaired in MS[155-156, 159]. Vitamin D is thought to have regulatory 
capacities, raising high expectations for effects on Breg cells. In contrast to stimulation of 
conventional B cells, a classification of three different types for Breg cells has been described 
based on their activation requirements: (i) antigen specific (adaptive) Breg cells require both 
B cell receptor and CD40 signaling, (ii) immature Breg cells require only CD40 stimulation, 
and (iii) innate Breg cells require signaling via innate receptors, such as Toll-like receptors[201]. 
Heine et al.[185] cultured and stimulated purified human B cells in an adaptive way, with BCR 
cross-linking, anti-CD40 and IL-4 for 2 days, in the presence or absence of 1,25(OH)2D3. Cells 
that had been cultured with 1,25(OH)2D3 secreted higher levels of IL-10, as measured in the 
culture supernatants. Furthermore, higher frequencies of IL-10+ Breg cells as well as higher 
mean fluorescence intensities for IL-10, meaning more IL-10 production per cell, were found 
in conditions with 1,25(OH)2D3. In our MS studies we stimulated B cells via Toll-like receptor 
9 with CpG, inducing innate IL-10-producing Breg cells, and found reduced frequencies of 
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these IL-10+ Breg cells in patients with MS compared with controls[159]. Although IL-10 was 
found to be produced mainly by naive B cells[156], innate Breg cells predominantly are found 
in the CD27+ memory B-cell subset[201-202], and are thought to help to tolerize self-reactive T 
cells[202]. However, after 12 weeks of high dose vitamin D3 supplementation in RRMS patients, 
we did not observe increased IL-10+ Breg cell  proportions[190]. Furthermore no correlation 
was found between IL-10+ Breg cell proportions and serum 25(OH)D levels in a cross-
sectional RRMS cohort[159]. 

Vitamin D, as an immunoregulator, is an interesting component for research in autoimmune 
disorders, such as MS. Its anti-inflammatory or regulatory effects within the T cell and 
dendritic cell compartment have been widely accepted. T cells gained most attention within 
MS research last decades. However, B cells clearly have made a comeback. The data referred 
to in this review indicate that vitamin D can have several effects on B cells, at least in vitro, 
which may be beneficial in MS: inhibition of plasma cell generation, inhibition of T cell co-
stimulation and enhancement of Breg cell activity. Taking into account the results of B-cell-
depleting drugs, the production of autoantibodies as the driving force in MS pathology has 
become less likely, while particularly the ‘innate’ B cell functions can be considered relevant. 
As yet, vitamin D effects on these B cell functions have been poorly investigated, the more 
so with respect to in vivo effects. Therefore, this area offers many opportunities for further 
research. 

It is apparent that vitamin D effects in vivo are less clear. We already have speculated on the 
importance of germinal centres in secondary lymphoid tissue. Alternatively, it is of importance 
to look at B cells from a broader perspective. The role of EBV in B cell actions in MS has to 
be further elucidated first, but it would be interesting to also study vitamin D effects on 
EBV-infected B cells. Moreover, molecules that are functionally comparable to 1,25(OH)2D 
present in the micro environment of B cells might interact with each other, either having 
competitive, additive or synergistic effects. Candidate molecules for this are other steroid 
hormones such as the sex hormones (estrogens and progestogens) and corticosteroids 
(cortisol), which, like vitamin D, can influence immune responses, are thought to ameliorate 
MS and play a role in autoimmune (or immune-driven) disorders in general[203]. Moreover, 
they are derived from cholesterol metabolites and target nuclear receptors. Therefore, they 
can directly influence gene transcription[204]. In EAE, these steroid hormones have shown to 
prevent or ameliorate disease and to suppress inflammatory processes[205-206]. Interestingly, 
synergistic effects of vitamin D and estrogen have been shown in EAE[207]. Another candidate 
for interacting with vitamin D is retinoic acid, better known as vitamin A. Retinoic acid, like 
vitamin D, balances Th1 and Th2 immune responses and induces iTreg cells and IL-10-
producing Breg cells[208-209]. Typically retinoic acid binds nuclear retinoic acid receptors that 
heterodimerize with retinoid X receptors, which also form heterodimers with the vitamin D 
receptor[210]. Therefore, vitamin A and vitamin D might be competitive in their actions. It will 
be necessary to have insights in the interactions of these immune modulatory molecules, to 
create a more holistic view on the effects of vitamin D on B cells.
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Altogether, the abnormal B cell activation in MS seems to be an augmenting factor in the 
inflammatory loop. Vitamin D may influence some B cell functions, but in the complexity of 
the human body these effects may be difficult to unravel. It is intriguing that two important 
environmental risk factors in MS, EBV and vitamin D, may influence B cell actions in MS. This 
leads to the question whether there might be interplay, which particularly asks for new ways 
to explore their actions at sites of local inflammation.
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Background: Epstein-Barr virus (EBV) infection and vitamin D insufficiency are potentially 
interacting risk factors for multiple sclerosis (MS). 
Objectives: To investigate the effect of high-dose vitamin D3 supplements on antibody levels 
against the EBV nuclear antigen-1 (EBNA-1) in patients with relapsing remitting (RRMS) and 
to explore any underlying mechanism affecting anti-EBNA-1 antibody levels. 
Methods: This study utilized blood samples from a randomized controlled trial in RRMS 
patients receiving either vitamin D3 (14000 IU/day; n=30) or placebo (n=23) over 48 weeks. 
Circulating levels of 25-hydroxyvitamin-D, and anti-EBNA-1, anti-EBV viral capsid antigen 
(VCA) and anti-cytomegalovirus (CMV) antibodies were measured. EBV load in leukocytes, 
EBV-specific cytotoxic T-cell responses and anti-EBNA-1 antibody production in vitro were 
also explored.
Results: The median antibody levels against EBNA-1, but not VCA and CMV, were significantly 
reduced in the vitamin D3 group (526 (368–1683) to 455 (380–1148) U/mL) compared to the 
placebo group (432 (351–1280) to 429 (297–1290) U/mL; p=0.023). EBV load and cytotoxic 
T-cell responses were unaffected. Anti-EBNA-1 antibody levels remained below detection 
limits in B-cell cultures.
Conclusion: High-dose vitamin D3 supplementation selectively reduces anti-EBNA-1 antibody 
levels in RRMS patients. Our exploratory studies do not implicate a promoted immune 
response against EBV as the underlying mechanism.
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The questions when and how multiple sclerosis (MS) starts have been captivating researchers 
for decades, and in search for the trigger of MS two environmental risk factors have 
consistently been identified: infection with the Epstein-Barr virus (EBV) and a poor vitamin 
D status. 

EBV is a human γ-herpesvirus, which infects and latently persists in B lymphocytes. The 
majority of the general population (±90%) shows serologic signs of EBV-infection, but virtually 
all MS patients are EBV-seropositive[211]. EBV infection occurs often asymptomatically during 
childhood, but primary infection after childhood can cause infectious mononucleosis. The 
occurrence of infectious mononucleosis is associated with an increased risk of developing 
MS[212]. Moreover, higher antibody titers against EBV antigens have been found in MS, with 
the most dominant response against the Epstein-Barr nuclear antigen-1 (EBNA-1) (reviewed 
by Pender and Burrows[35]). Higher anti-EBNA-1 immunoglobulin (Ig) G levels are associated 
with an increased risk of MS[213], and in some but not all studies with a higher probability of 
conversion from clinically isolated syndrome (CIS) to clinically definite MS[214]. Several but not all 
studies found associations between anti-EBNA-1 antibodies and neurological disability[214-215] 
as well as disease activity and cortical atrophy on magnetic resonance imaging (MRI)[215-218].

A poor vitamin D status, reflected by low 25(OH)D-levels, has been associated with an 
increased risk of developing MS[39],incidence of relapses[41], neurological disability[53, 59], and 
MRI activity[43]. This is thought to be the result of a lack of immune regulation by vitamin 
D. Experimental studies have demonstrated regulatory properties of vitamin D on several 
immune cells, including inhibition of IgG production by plasma cells[184]. Some small studies 
have shown that vitamin D3 supplementation may have beneficial effects on immune 
parameters in MS[82, 97]. Moreover, the SOLAR trial, a randomized controlled trial (RCT) on high-
dose vitamin D3 supplementation as add-on therapy to interferon-beta, showed reduced MRI 
activity upon vitamin D3 supplementation in relapsing-remitting multiple sclerosis (RRMS) 
patients as compared to placebo[95].

Studies have shown that EBV infection and a poor vitamin D status are independently 
associated with MS risk[219]. However, data suggesting an interaction between these two 
factors are also available. Increased anti-EBNA-1 IgG and reduced 25(OH)D-levels have been 
observed prior to MS onset[194]. Also, Wergeland et al. recently showed a seasonal fluctuation 
in anti-EBNA-1 IgG levels in RRMS patients, inversely to the fluctuation of 25(OH)D-levels[220]. 
Furthermore, we previously found that 12 weeks of high-dose vitamin D3 supplementation 
reduced anti-EBNA-1 IgG levels in RRMS[195]. In a recent RCT, vitamin D3 supplements likewise 
selectively reduced anti-EBNA-1 IgG[221]. We attempted to replicate these findings and to 
study the potential underlying mechanism by performing several exploratory studies using 
samples collected from a recent RCT with vitamin D3 supplements in RRMS. In addition to the 
influence of vitamin D on the EBV-specific antibody response, we assessed whether the viral 
load in leukocytes was affected, potentially by increased cytotoxic responses, and examined 
in vitro effects of vitamin D on antigen-specific antibody production. 
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Study and subjects details

The effect of vitamin D3 supplementation on anti-EBNA-1 IgG levels was studied as a 
secondary outcome measure of the Dutch SOLARIUM, a sub-study of the SOLAR trial 
(NCT01285401). Detailed study procedures are described elsewhere[82, 95]. Participants were 
patients with RRMS according to the McDonald criteria[63], aged 18-55 years and treated 
with interferon-β1α (Rebif®, Merck, Geneva, Switzerland), who had a first clinical event in 
the previous 5 years and active disease, but no relapse 30 days before inclusion. Patients 
were randomized and allocated to a placebo or vitamin D3 group. Patients in the vitamin D3 
group received cholecalciferol drops (Vigantol Oil, Merck) 7000 IU/day in the first 4 weeks, 
followed by 14000 IU/day up to week 48. To study the in vitro effect of vitamin D on total and 
anti-EBNA-1 IgG production, blood samples were obtained from EBV-seropositive healthy 
volunteers (HVs). Written informed consent was acquired and the study was approved by the 
Ethical Committee METC-Z (Heerlen, the Netherlands).

Vitamin D and antibody measurements

From SOLARIUM participants, blood was drawn before and after a 48-week study period for 
measurements of several analytes, including serum 25(OH)D-levels[82]. Levels of IgG against 
the EBV antigens EBNA-1 and viral capsid antigen (VCA), and against the cytomegalovirus 
(CMV) were measured in plasma samples, which were stored at -20˚C until analyses. Tests 
were performed using the quantitative LIAISON® EBNA, VCA or CMV IgG assays (DiaSorin, 
Saluggia, Italy), which use chemiluminescence immunoassay technology. Results ≥ 22 U/
mL were considered positive. EBV seropositivity of HVs was assessed with the VIDAS® test 
for qualitative detection of EBNA-1 IgG (Biomerieux, Marcy-l’Étoile, France). Samples were 
considered positive in case of sample/standard indexes ≥ 0.21.

Cell isolation 

Peripheral blood mononuclear cells (PBMC) were isolated from venous blood as described 
previously [82]. PBMC of SOLARIUM participants were partly stored at -80˚C in TRIzol® 
(Invitrogen, Paisley, Scotland, UK) until use for viral load assessments and partly stored in 
liquid nitrogen until use for detection of EBV-specific CD8+ T cells. PBMC of HVs were used 
for further B cell purifications, using an EasySep™ human B cell enrichment kit (Stemcell 
technologies, Vancouver, Canada) for negative selection of B lymphocytes. B cells were >98% 
pure in all but one (86.6%) of the suspensions. 

Quantification of EBV viral loads with qPCR

DNA was extracted from 200 µL of the TRIzol samples, containing up to 2.5×106 PBMC 
in 1 mL, using the MagnaPure 96 DNA and Viral NA small-volume kit (Roche Diagnostics, 
Mannheim, Germany) and the Pathogen Universal 200 protocol. The polymerase chain 
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reaction (PCR) protocol and use of controls was described previously[222]; for this study an 
ABI 7900 real-time quantitative PCR (RT-qPCR) apparatus (Applied Biosystems, Foster City, 
CA, USA) was used. The detection range of this EBV DNA PCR was 200 – 1×106 copies/
mL. Since the number of PBMC varied per sample, results are calculated and presented 
as EBV-copies per 1×106 PBMC or 1×105 B cells as described in the legend of Table 2. In 
addition, relative expression to the reference gene HPRT1 was analyzed. Hereto, RNA was 
extracted from the remainder of the TRIzol samples. Quantity and quality control was 
performed using a spectrophotometer (ND-2000, Nanodrop technologies, Rockland, DE, 
USA). Reverse transcription of total RNA was performed with the IScript cDNA Synthesis 
kit (BioRad Laboratories BV, Veenendaal, the Netherlands), and primers for HPRT1 (fw: 
5’-GACCAGTCAACAGGGGACAT-3’, rv: ‘5-CCTGACCAAGGAAAGCAAAG-3’) were obtained from 
Roche Diagnostics (Almere, the Netherlands). RT-qPCR was performed on a BioRad CFX96 
(CFX Manager software 3.1), using IQ SYBR Green Supermix (BioRad). Samples contained 4 
ng cDNA and were run in duplicates.

Detection of EBV-specific CD8+ T cells 

An enzyme-linked immunospot (ELISPOT) assay detecting EBV-specific activated CD8+ T cells 
secreting IFN-γ was used to quantify the EBV-specific CD8+ T cell response[223]. PBMC were 
thawed and 1-2×105 cells were incubated in triplicates in the presence of pools of CD8+-
restricted EBV peptide epitopes (1 mg/mL). Peptide-free medium and phytohemagglutinin 
(PHA; 5 mg/mL) served as negative and positive controls, respectively. Responses were 
expressed as the mean number of spot-forming cells (SFC) of the three replicates per 106 
PBMC. The assay was considered experimentally valid if, in the presence of the stimulating 
peptide, SFC was >50/106 cells and at least threefold higher than in the negative control. 
Background levels were subtracted from the data before analysis. 

B cell cultures

The purified B cells from HVs were cultured in 96-well plates at 1×106 cells/well in 200 
µL culture medium (86% RPMI 1640 medium, 10% FBS, 2% penicillin-streptomycin, 1% 
sodium pyruvate, 1% non-essential amino acids) alone or supplemented with 0.1 µM CpG 
oligodeoxynucleotide 2006 (Invivogen, San Diego, CA, USA) with or without 10 nM 1,25(OH)2D3 
(Sigma Aldrich, Saint Louis, MO, USA). After 7 days, supernatants were collected and stored at 
-20˚C until analysis of (anti-EBNA-1) IgG.

Total IgG and anti-EBNA-1 IgG in culture supernatants

Enzyme-linked immunosorbent assays (ELISA) were performed to quantify the amount of 
total and anti-EBNA-1 IgG in culture supernatants. For the total IgG assay[224], human serum 
with quantified IgG levels by nephelometry (Immage 800, Beckman Coulter, Mijdrecht, 
the Netherlands) was used as standard. The anti-EBNA-1 IgG ELISA was performed using 
a commercially available kit with recombinant EBNA-1 precoated plates (88 kDa, sf-9 
baculovirus; IBL International, Hamburg, Germany). Additionally, a qualitative line blot 
(Euroline EBV profile 2, Euroimmun, Luebeck, Germany) was used for detection of antibodies 
against EBV antigens, including EBNA-1 and VCA.
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Statistical analyses

Due to non-normal data distribution, median values with 25th–75th percentile ranges (Q1–Q3) 
are provided for continuous data. Group differences were analyzed using the Mann-Whitney 
U test, and within group differences between week 0 (T0) and week 48 (T1) with the Wilcoxon 
signed-rank test. P-values <0.05 were considered statistically significant. Statistical analyses 
were performed using SPSS software version 23.0 (IBM Corp., Armonk, NY, USA).

Patient characteristics and vitamin D3 supplementation effectiveness

In all, 53 RRMS patients completed the SOLARIUM study (F/M = 35/18; mean age = 37.5 
(±8.2) years; median disease duration = 7.3 (4.4 – 12.0) months; mean 25(OH)D = 56.0 (±24.5) 
nmol/L), of which 30 were in the vitamin D3 group and 23 in the placebo group (Supplementary 
Table S1). After 48 weeks, an increase in serum 25(OH)D-levels was observed in the vitamin 
D3 group (60 (38-85) to 231 (162-250) nmol/L; p<0.001), and not in the placebo group (54 
(43 – 63) to 60 (36 – 85) nmol/L; p=0.380)[82]. 

Vitamin D3 supplementation selectively reduces anti-EBNA-1 IgG levels 

All patients were EBV-seropositive (92% were positive for EBNA-1, 98% were positive for 
VCA and none were negative for both), whereas 38% of the patients were CMV-seropositive. 
No significant differences in IgG levels against EBNA-1, VCA and CMV were found between 
the groups at T0 or T1 (data not shown). However, anti-EBNA-1 IgG levels were significantly 
reduced at T1 compared to T0 in the vitamin D3 group (p<0.001), but not in the placebo 
group (p=0.626). No significant change between T1 and T0 was instead present for anti-EBV 
VCA and anti-CMV IgG levels in either group (Table 1). Moreover, when comparing the T1-T0 
differences in anti-EBNA-1 IgG between the groups, the median difference was significantly 
larger in the vitamin D3 group (-88 U/mL (-397 – -5)) than in the placebo group (0 U/ mL 
(-66 – +48); p= 0.023; Figure 1). These effects remained unchanged when outliers with very 
high anti-EBNA-1 IgG levels were removed from the analysis (not shown). Within the limits 
of the patient cohort, further analyses on the patients in the vitamin D3 group with the most 
pronounced decreases of anti-EBNA-1 IgG did not reveal differences in 25(OH)D-levels, EBV 
viral load, or EBV-specific CD8+ T cell response (see below).

Vitamin D3 supplementation does not influence EBV viral load in PBMC or EBV-specific CD8+ 
T cells

We further explored the potential mechanisms underlying the selective reduction in anti-
EBNA-1 IgG upon vitamin D3 supplementation. We hypothesized that vitamin D could reduce 
antigens available to trigger anti-EBNA-1 antibody responses by promoting eradication of 
EBV-infected cells (as measured by EBV viral load in PBMCs) via an increase in the cytotoxic 
T cell response against EBV (as measured by the number of EBV-specific CD8+ T cells). 
However, median EBV DNA copies in PBMC samples did not significantly change over 48 
weeks in either of the groups (Table 2). PBMCs from 15 vitamin D3-supplemented and 15 
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EBNA-1= Epstein-Barr nuclear antigen 1; IgG = Immunoglobulin G; VCA = viral capsid antigen; CMV= Cytomegalovirus; 

T0= baseline; T1 = week 48; Q1-Q3= 25th – 75th percentile

* Between group comparisons of the T1-T0 differences

Figure 1. Anti-EBNA-1 IgG levels of patients with RRMS before and after treatment. A) Within group 

comparisons at T0 and T1 in the placebo group (n=23). B) Within group comparisons in the vitamin D3 supplementation 

group at T0 and T1 (n=30). C) Between group comparisons of the anti-EBNA-1 IgG level differences between T1 and T0. 

Grey lines indicate the medians with interquartile ranges.T0= baseline; T1= week 48

Placebo (n = 23) Vitamin D3 (n = 30) 
T0 
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

P-
Value

T0
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

P-
value

P-
value*

Anti-EBNA-1 
IgG (U/mL)

432 
(351 – 
1280)

429 
(297 – 
1290)

0.626 526 
(368 – 
1683)

455 
(380 – 
1148)

<
0.001

0.023

Anti-VCA 
IgG (U/mL)

643 
(234 – 
1140)

581 
(216 – 
1230)

0.976 374 
(180 – 
752)

411 
(171 – 
732)

0.311 0.615

Anti-CMV 
IgG (U/mL)

9 
(5 – 79)

13 
(5 – 79)

0.233 5 
(5 – 73)

5 
(5 – 81)

0.407 0.617

Table 1: Plasma IgG levels of the patients with RRMS

placebo-administered patients were available for detection of activated EBV-specific CD8+ 
T cells secreting IFN-γ. We found that 11 vitamin D3 and 9 placebo patients were positive 
responders to the EBV peptide pool. The median amount of SFC/106 PBMC was similar for 
both groups at both time points. Also, no significant changes were found within groups 
(Figure 2). Therefore, we found no evidence supporting an effect of vitamin D supplements 
on the clearance of EBV in the circulation. 

A B C
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Vitamin D reduces total IgG secretion in vitro 
 
Alternatively, antibody secretion of anti-EBNA-1 IgG itself may be affected directly by vitamin 
D. Therefore, we performed an in vitro study, aiming to compare the anti-EBNA-1 IgG/total 
IgG indexes. During 7 days, B cells of EBV-seropositive HVs (n=12; F/M = 9/3; median age 
= 28.9 (21.5 – 34.6) years; median anti-EBNA-1 IgG index (range)= 8.38 (0.43 – 9.74)) were 
cultured and stimulated with CpG in the presence or absence of 1,25(OH)2D3. Supernatants 
of conditions with 1,25(OH)2D3 showed a significant median reduction of 48.2% (Q1-Q3= 
43.2% – 53.9%; p=0.002) in total IgG levels compared to the ones without 1,25(OH)2D3. 
However, in our assays anti-EBNA-1 IgG levels could not be detected in any of the culture 
supernatants, neither by ELISA nor by line blot (data not shown).

This study confirmed a selective reduction of anti-EBNA-1 IgG levels after 48 weeks vitamin D3 
supplementation in RRMS patients. Furthermore, we explored mechanisms by which vitamin 
D may affect the anti-EBNA-1 antibody response. Results with respect to the in vitro effects of 
vitamin D on antibody responses were not conclusive, but we found no ex vivo evidence that 
the number of EBV-specific CD8+ cytotoxic T cells and the EBV viral load in PBMC is affected 
by vitamin D3 supplements. 
  
Likewise, Røsjø et al. showed that 48 weeks of vitamin D3 supplementation reduced anti-
EBNA-1 antibody levels in MS, but not anti-VCA, anti-CMV or anti-Varicella Zoster virus 
(VZV) antibody levels[221]. These and our current results are comparable to those of our 
earlier pilot study[195]. In this pilot study, we found a decrease of anti-EBNA-1 IgG, but not 
of total IgG levels or any change in B cell differentiation profile in general after 12-week 
high-dose vitamin D3 supplements in RRMS[190, 195]. The consistent findings of anti-EBNA-1 
IgG reductions upon vitamin D in (early) MS are clinically relevant, especially since several 
but not all studies showed that higher anti-EBNA-1 IgG levels predict a higher risk of active 
MRI-lesions in RRMS[215-218]. Therefore, it is tempting to speculate that the reduction in anti-
EBNA-1 IgG is instrumental for the vitamin D-associated reduction of active MRI-lesions in 
the SOLAR trial[95]. This radiological improvement in SOLAR may be the result of optimization 
of vitamin D-related immunological regulatory mechanisms, which either also affects the 
anti-EBNA-1 serologic response to EBV or in which the immune response to EBV serves as a 
critical effector component. We think that several mechanisms may explain the reduction in 
anti-EBNA-1 IgG by vitamin D, which may be antigen-specific in essence or not.

First, vitamin D may specifically affect the extent of EBNA-1 antigen expression (i.e. the 
trigger of anti-EBNA-1 antibody responses) by inducing a better elimination of EBV-infected 
B cells. Indeed, EBV viral load correlated positively with anti-EBNA-1 IgG titers[225]. Possibly, 
vitamin D increases the EBV-specific CD8+ T cell response against latently infected B cells, 
because vitamin D has been reported to increase CD8+ T cell proportions[35]. Alternatively, 
vitamin D may directly target and impair viral replication in EBV-infected cells, which could 
explain why EBV has evolved with a protein (i.e. EBNA-3) that is able to block the vitamin 



86
Chapter 4 - Vitamin D and the anti-EBV-response in multiple sclerosis Chapter 4 - Vitamin D and the anti-EBV-response in multiple sclerosis

DNA and RNA were extracted from 200 and 800 mL of TRIzol samples containing PBMC, respectively. EBV load was 

analyzed in extracted DNA, and HPRT1 in synthesized cDNA of extracted RNA using real-time quantitative PCR. Since in 

a substantial amount of samples (44%), either before or after the intervention, EBV could not be amplified, EBV copies 

of 0 and a CT value of 40 were used for negative samples in order to assess changes in expression over time. A) EBV 

copies were calculated for 1*106 PBMC based on cell counts prior to storage in TRIzol; B) EBV copies were calculated for 

1*105 B cells, based on cell counts and B cell proportions determined by flow cytometry. 2-ΔΔCT = normalized EBV load 

at T1 relative to T0 for the change in relative expression of EBV to HPRT1. EBV= Epstein-Barr virus; PBMC= peripheral 

blood mononuclear cells; T0= baseline; T1 = week 48; HPRT1 = reference gene. * Between group comparisons of the T1-T0 

differences.

Figure 2: EBV-specific CD8+ T cells of patients with RRMS before and after treatment. ELISPOT assays were 

performed to detect activated EBV-specific CD8+ T cells secreting interferon-γ. Peripheral blood mononuclear cells 

(PBMC) of the patients with RRMS were thawed and cultured at 1-2*105 cells per well in the presence of pools of CD8 

restricted EBV peptides at a concentration of 1 mg/mL. The amount of activated cells is represented by SFC/106 PBMC. 

A) Within group comparisons at T0 and T1 in the placebo group (n=9). B) Within group comparisons at T0 and T1 in the 

vitamin D3 supplementation group (n=11). C) Between group comparisons of the differences in SFC/106 PBMC between 

T1 and T0. Grey lines indicate the medians with interquartile ranges. EBV = Epstein-Barr virus; T0= baseline; T1= week 48; 

SFC = spot forming cells.

Placebo (n = 19) Vitamin D3 (n = 24)
T0 M 
(Q1 – Q3)

T1 M 
(Q1 – Q3)

P-
value

T0 M
 (Q1 – 
Q3)

T1 M 
(Q1 – Q3)

P-
value

P-
value*

EBV copies 
per 1*106 
PBMC A

320 (0 – 
662)

203 (0 – 
581)

0.758 75 (0 – 
55)

0 (0 – 
516)

0.170 0.320

EBV copies  
per 1*105 
B cells B

216 (0 – 
716)

149 (0 – 
466)

0.586 57 (0 – 
82)

0 (0 – 
256)

0.795 0.771

Fold change 
relative to 
T0 (2-ΔΔCT)

1.31 (0.16 – 3.17) - 1.38 (0.36 – 3.11) - 0.678

Table 2: Between and within group comparisons for EBV load 

A B C
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Table 2: Between and within group comparisons for EBV load 

D receptor[226]. Nonetheless, general anti-viral effects of vitamin D have been proposed, 
probably via induction of peptides disrupting viral envelopes (i.a. cathelicidin)[227]. To explore 
these hypotheses, with the limitation of the available material, we quantified the number of 
EBV-specific CD8+ T cells and the EBV viral load in PBMC, but in neither of them we observed 
a difference between vitamin D-treated or placebo-treated patients. However, our sample 
sizes may have been too small to detect effects of vitamin D. Also, effects of vitamin D in 
lymphoid tissue may not be reflected by analysis of PBMC. 

A second specific mechanism could be a direct effect of vitamin D on anti-EBNA-1 IgG 
secretion, which could also reflect an inhibition of plasma cell formation by vitamin D[184]. 
Therefore, we explored the in vitro effect of vitamin D on the anti-EBNA-1 IgG/total IgG index. 
In line with the results of Chen et al.[184] 1,25(OH)2D3 clearly reduced total IgG production, 
but we could not detect any anti-EBNA-1 IgG with our assays. Sorting and cloning of anti-
EBNA-1-specific B cells, as well as of already differentiated antigen-specific plasma cells, may 
be necessary to better study possible effects of vitamin D on the differentiation and IgG 
secretion of antigen-specific cells. 

Interestingly, as in vitro but not in vivo total IgG levels are influenced by vitamin D (chapter 
3) [195], there is a difference in the in vitro and in vivo effects of vitamin D on IgG production. 
As a third scenario, we earlier speculated that the increased anti-EBNA-1 IgG levels in MS 
may be the result of the generation of short-lived plasma cells in ectopic lymphoid follicles 
in the meninges of MS patients (chapter 3)[130]. The obtained materials in SOLARIUM were 
insufficient to address this hypothesis, which would rather require studies in complex 
(animal) models. Additionally, this hypothesis would predict the absence of an anti-EBNA-1 
IgG reduction by vitamin D supplements in EBV-exposed healthy controls. 

Fourth, the reduction of anti-EBNA-1 IgG upon vitamin D3 supplementation may not be 
antigen-specific, but rather represents a better control of inflammation in general. Reduced 
B cell activation in lymphoid tissue will result in reduced anti-EBNA-1 antibody responses, 
since the EBNA-1 protein is only expressed during mitosis (proliferation) of EBV-infected B 
cells[35]. 

In conclusion, our results confirm that high-dose vitamin D3 supplementation selectively 
reduces anti-EBNA-1 IgG levels in RRMS. Reflection of our data on several earlier studies on 
anti-EBNA-1 IgG levels and MS MRI outcomes suggests that this may be a clinically relevant 
effect. This observation may either support an interaction between vitamin D and EBV in 
MS or reflect a better control of inflammation by vitamin D in general. Additional studies are 
necessary to further elucidate the underlying mechanism of this effect, which may be multiple 
and complex. These studies should probably use (animal) models enabling assessment of 
local effects within lymphoid tissue and the central nervous system. 
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Placebo (n = 23) Vitamin D3 (n = 30)
Sex (F/M) 14/9 (60.9%/39.1%) 21/9 (70%/30%)

Age (years) 37.2 (±9.6) 37.7 (± 7.2)

Disease duration 
(months)

7.3 (4.1-12.3) 7.3 (5.0-11.9)

BMI ≥25 kg/m2 13/23 (56.5%) 16/30 (53.3%)

EDSS at wk0
≤3.5 22 (95.7%) 28 (93.3%)

4.0-5.5 1 (4.3%) 2 (6.6%)

Number of attacks 
during past 2 years at 
wk0

1.26 (±0.62) 1.67 (±0.88)

Duration since last 
attack at wk0 (months) 

8.0 (±3.1) 7.4 (±3.9)

IFNβ duration (in 
months)

4.9 (±2.5) 6.0 (±3.0)

Patients of Caucasian 
origin

23 28

Supplementary Table 1: Patient characteristics

Mean values (±SD) or count (%). BMI: body mass index; EDSS: expanded disability status scale; F: female; IFN; 

interferon; M: male; RRMS: relapsing remitting multiple sclerosis.
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Published as: Vitamin D3 supplementation in multiple sclerosis: 
symptoms and biomarkers of depression.

Linda Rolf, Anne-Hilde Muris, Yvonne Bol, Jan Damoiseaux, Joost 
Smolders and Raymond Hupperts. Journal of the Neurological 
Sciences; 378:30-35.
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Depressive symptoms are common in multiple sclerosis (MS), and both depression and 
MS have been associated with a poor vitamin D status. As cytokine-mediated inflammatory 
processes play a role in the pathogenesis of both disorders, we hypothesized that vitamin D3 
supplementation reduces depressive symptoms in MS via its immunomodulatory properties. 
In this randomized pilot study relapsing remitting (RR) MS patients received either vitamin D3 
supplementation (n=20; 14.000 IU/day) or placebo (n=20) during 48 weeks. Pre- and post-
supplementation depression scores, measured using the Hospital Anxiety Depression Scale 
(HADS) depression subscale (HADS-D), showed a significant decrease within the vitamin D3 
group (median HADS-D 4.0 to 3.0, p=0.02), a trend towards a decrease within the placebo 
group (median HADS-D 3.0 to 2.0, p=0.06), but no significantly different reductions between 
groups (p=0.78). Furthermore, no reductions in pro- and anti-inflammatory cytokine balances, 
secreted by stimulated leukocytes and CD8+ T cells, were found in the vitamin D3 compared to 
the placebo arm. Therefore, we found no evidence for a reduction of depressive symptoms 
or related biomarkers upon vitamin D3 supplementation in RRMS patients in this exploratory 
study. Whether vitamin D3 supplementation is of benefit in manifest depression in MS needs 
to be assessed by additional studies.
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Multiple sclerosis (MS) can have a major impact on quality of life. Local inflammation in the 
central nervous system (CNS) causes disturbed signaling of affected neurons, leading to a 
large variety of symptoms, such as motoric or sensory dysfunction or visual disturbances. 
Other MS symptoms cannot be explained by local inflammation alone, including fatigue and 
depression. With up to 90% of the patients with MS complaining of fatigue, it is the most 
reported symptom of MS[228]. Fatigue is a complex symptom with a multifocal etiology. Also, 
depressive disorder is frequent in MS, with lifetime prevalence rates going up to 50%[51], 
whereas in the general population a prevalence of up to 20% is reported[229]. Depressive 
disorder in MS needs to be considered as a major concern, since it negatively affects quality of 
life and may cause or perpetuate fatigue[51]. Also, it may lead to medication nonadherence[230], 
which could influence long-term disease outcomes. 

The underlying mechanisms for depression (in MS) are not completely understood, and several 
(combinations of) theories have been proposed in order to explain the complex pathogenesis. 
These theories include the monoamine hypothesis[231], based on the deficiency of particularly 
serotonin and noradrenalin, the neurogenesis or neurodegeneration hypothesis[232], 
particularly involving atrophy of the hippocampus[233], the hypothalamic-pituitary-adrenal 
(HPA)-axis dysfunction theory[234], and the inflammatory theory[235]. The latter describes the 
importance of cytokines in the development of depression. Both in MS and in depressive 
disorder increased pro-inflammatory cytokine levels (i.e. the monocyte/macrophage 
derived cytokines tumor necrosis factor alpha (TNFα), interleukin (IL)-1 and IL-6) have been 
observed in the circulation and in the cerebrospinal fluid (CSF)[236-238]. These cytokines were 
positively associated with depression severity[236], and were reduced upon antidepressant 
therapies[236, 239]. Also, the proportion of CD8+ (but not CD4+) T cells producing TNFα and 
interferon-gamma (IFNγ) was shown to be increased in patients with MS with a depressive 
disorder compared to the ones without a depressive disorder[240].  Anti-inflammatory therapy 
such as anti-TNF therapy markedly improved mood in treatment-resistant depressive 
disorder[241], and pro-inflammatory cytokines are shown to induce sickness behaviour (i.a. 
fatigue, depression, loss of appetite)[236]. Furthermore, in each theory previously mentioned 
a role for pro-inflammatory cytokines has been suggested: they may cause serotonergic 
depletion[236], induce imbalance in the kynurenine pathway with neurotoxicity as a result[232], 
and induce HPA-axis activity[242]. Although some studies report decreased anti-inflammatory 
IL-10 levels in depressed people[243], and antidepressant therapies have shown to increase 
IL-10[239], it is not clear whether also a decrease in anti-inflammatory cytokines contributes 
to depression[244]. However, an imbalance in pro- and anti-inflammatory cytokines may play 
a central role in the development of depression (in MS) and well-balanced pro- and anti-
inflammatory cytokines may prevent and/or ameliorate depression[239]. 

Insufficiency of vitamin D has been associated with MS risk and MS disease activity[44, 61], as 
well as with the presence and severity of depressive disorder (in MS)[52, 245]. Vitamin D is a 
steroid hormone with immunomodulatory properties, causing a decrease in the production 
of pro-inflammatory cytokines and an increase in the production of anti-inflammatory 
cytokines[46]. Therefore, particularly in the context of the chronic inflammation in MS, vitamin 
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D supplementation might prevent or ameliorate depressive disorder. However, data appear 
conflicting with respect to the role of vitamin D in depressive disorder in patients with MS[52, 

246], and with respect to the benefit of vitamin D supplementation in depression in general[247]. 
Therefore we used a randomized placebo-controlled trial (RCT) to explore the effect of high 
dose vitamin D3 supplementation on depressive symptoms in MS. Fatigue was assessed as 
a potential confounder[51, 240]. We also assessed the TNFα/IL-10 balance before and after 
supplementation, and the proportion of CD8+ T cells producing pro- and anti-inflammatory 
cytokines, since the mode of action by which vitamin D could ameliorate depression may 
reflect a normalization of the pro-inflammatory/anti-inflammatory cytokine ratio. 

Patient recruitment

This randomized pilot study describes some of the secondary outcomes of the Dutch sub-
study SOLARIUM of the SOLAR trial, which are both described in more detail elsewhere[82]. In 
brief, all patients were recruited in four hospitals in the Netherlands. Patients were eligible 
when they were aged between 18 and 55, diagnosed with relapsing remitting MS (RRMS)
according to the original or 2005 revised McDonald criteria[63] confirmed by MRI, treated 
with interferon-β1α (Rebif®, Merck Serono S.A. Darmstadt, Germany), had their first clinical 
event in the previous 5 years, and had active disease in the previous 18 months, but not 
in the 30 days prior to inclusion. Among exclusion criteria were: use of oral or systemic 
glucocorticoids or ACTH within 30 days prior to inclusion, a history or presence of severe 
depression, a history of suicide attempt or current suicidal ideation, and current or past drug 
or alcohol abuse. Patients were randomized and allocated to one of the two treatment arms, 
being either vitamin D3 or placebo. Randomization for the SOLAR trial, however, was based 
on international patient inclusion, eventually resulting in different numbers of patients for 
each treatment arm in SOLARIUM. Patients allocated to the vitamin D3 supplementation arm 
received cholecalciferol (Vigantol Oil, Merck Serono S.A.) dosed at 7000 IU/day in the first 4 
weeks, followed by 14000 IU/day up to week 48, being the adjusted endpoint of the SOLAR 
trial (https://clinicaltrials.gov/ct2/show/NCT01285401). 

The SOLARIUM substudy and the amendment for this pilot study, were approved by the 
Medical Ethical Committee Zuyderland-Zuyd (Heerlen, the Netherlands), and patients gave 
written informed consent for participation in both SOLARIUM and SOLAR.

Serum 25(OH)D assessment

To determine the vitamin D status serum 25(OH)D levels (with an upper limit of 250 nmol/L) 
were measured using the Packard Cobra II Gamma Counter radioimmunoassay (GMI, 
Ramsey, Minnesota), performed by Covance (Princeton, New Jersey) as part of the SOLAR 
trial. 
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Questionnaires

Questionnaires were obtained in the same visit as when blood samples were drawn.
Depression was measured with a valid and reliable screening instrument for MS patients[248], 
namely the depression subscale of the Hospital Anxiety and Depression Scale (HADS)[249]. 
The HADS depression (HADS-D) score ranges from 0 to 21 with a higher score indicating 
more symptoms of depression. Honarmand and Feinstein showed that MS patients with a 
score of 8 or higher are likely to be depressed[248]. 
Fatigue was assessed by the Dutch version of the Fatigue Severity Scale (FSS)[250]. This 9-item 
scale measures the severity of fatigue and the impact of fatigue in daily functioning. All items 
are evaluated on a 7-point Likert scale (1 = I totally disagree, to 7 = I totally agree). A total 
score of 36 or higher indicates severe fatigue. The FSS is a valid and reliable scale for the 
assessment of fatigue in MS patients[251]. 

Cell isolation and cytokine secretion in culture supernatant

In order to investigate the effects of high dose vitamin D3 supplementation on depression-
associated cytokine secretion, TNFα and IL-10 concentrations were assessed in culture 
supernatants of lipopolysaccharide (LPS) stimulated peripheral blood mononuclear cells 
(PBMC). Hereto PBMC were isolated from peripheral venous blood samples as previously 
described[82]. Subsequently, these freshly isolated PBMC were cultured in a concentration of 
105 cells per well (96-wells plate) in the presence of 1 μg/mL LPS (E. Coli, serotype 0111: B4; 
Difco Laboratories, Detroit, Michigan). After 72 hours of culture, cells were centrifuged, and 
supernatants were collected and stored until further analysis. At the end of the study, TNFα 
and IL-10 concentrations in these supernatants were analyzed using an in-house developed 
and validated multiplex immunoassay (Laboratory of Translational Immunology, University 
Medical Center Utrecht, the Netherlands) based on Luminex technology (Luminex®, Luminex 
Corporation, Austin, Texas), and data were analyzed using Bio-Plex Manager software, version 
6.1.1 (Biorad laboratories, Hercules, California).

Intracellular cytokine detection in CD8+ T cells

After isolation of PBMC and five hours of in vitro activation with 50 ng/mL phorbol myristate 
acetate (PMA; Sigma Aldrich, Zwijndrecht, the Netherlands) and 1 μg/mL ionomycin (Sigma 
Aldrich) in the presence of 1.25 μg/mL monensin (BD Biosciences, Breda, the Netherlands), 
cells were stained to identify CD8+ T cells producing the pro-inflammatory cytokines TNFα 
and IFNγ. Hereto, they were stained for surface markers with anti-CD3-Horizon V450 and 
anti-CD8-APC-H7 (both BD Biosciences), and after fixation and permeabilisation (cytofix/
cytoperm, BD Biosciences) the cells were stained intracellularly using anti-TNFα-PECy7 
(eBioscience, Vienna, Austria) and anti-IFNγ-FITC (BD Biosciences). Cells were measured by 
flow cytometry (FACS Canto II flow cytometer, BD Biosciences) and analyzed with FACS Diva 
software (version 8.01, BD Biosciences).
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Statistical analyses

All statistical analyses were performed using SPSS software (SPSS Inc., version 20, Chicago, 
Illinois). Data were checked for normality. Data are provided as means with standard deviations 
(SD) or medians with the 25th -75th percentile ranges (Q1-Q3). All outcome measures were non-
normally distributed and therefore group differences were analyzed using Mann-Whitney U 
tests, and differences within groups with Wilcoxon signed rank tests. Absolute differences 
for 25(OH)D levels and HADS-D, and relative differences using baseline/week 48 ratios for 
immune parameters were used for comparisons between groups. Furthermore, to compare 
changes in HADS-D over time between groups, corrected for fatigue and cytokine balances, 
ANCOVA tests were performed with week 48 data as dependent variable, trial medication 
as fixed factor and baseline data and FSS or cytokine ratios as covariates. Spearman’s rank 
correlation was used to assess the association between baseline HADS-D scores and 25(OH)
D levels or cytokine measurements. P-values <0.05 were considered statistically significant. 

Study population

 In the SOLARIUM study 58 patients were included, of which 33 were allocated to the vitamin 
D3 and 25 to the placebo arm. Of these randomized patients 5 were lost to follow-up. 
Patient characteristics of the total study population (n=53) are described elsewhere[82]. The 
questionnaires were implemented in the study several months after the start of the study. 
Therefore, the HADS-D and FSS scores were only available for 20 patients in each treatment 
arm at both baseline (T0) and week 48 (T1). Patient characteristics of this population can be 
found in Table 1, and a flow diagram of patient enrollment is shown in Figure 1.

Serum 25(OH)D levels

Serum 25(OH)D levels within the placebo arm remained stable between T0 and T1 (median 
vitamin D3 (Q1-Q3) at baseline vs week 48: 53 (43-63) nmol/L and  61 (44-84) nmol/L 
respectively; p=0.19), while within the vitamin D3 supplementation arm 25(OH)D levels 
significantly increased (median vitamin D3 (Q1-Q3) at T0 vs T1: 58 (38-82) and 226 (159-
250) nmol/L respectively; p<0.01), resulting in significantly higher 25(OH)D levels at T1 and 
a significantly larger T1-T0 difference in the vitamin D3 supplemented arm compared to the 
placebo arm (both p<0.01) (Figure 2).

High dose vitamin D supplementation does not decrease depression and fatigue score 

Previously it was found that 25(OH)D levels correlated negatively with depression scores[52]. 
Here, this correlation was not observed at baseline (data not shown). When HADS-D scores 
at T0 and T1 were compared within groups a significant decrease was observed within the 
vitamin D3 treated patients (p=0.02, figure 2D), whereas a trend towards a decrease was 
found for the placebo group (p=0.06; Table 2, Figure 2E). 
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Table 1: Baseline characteristics of the study population with questionnaires available at both baseline and 

week 48 

F= female; M= male; SD= standard deviation; Q1 – Q3= 25th – 75th percentile; IFNβ= Interferon-beta 1α (Rebif®); 

EDSS= expanded disability status scale; BMI= body mass index

Placebo (n = 20) Vitamin D3 (n = 20)

Sex (n) F/M 12/8 14/6

Age (years) 
Mean (± SD) 37.6 (± 9.6) 38.5 (± 7.8)

Disease duration (months) 
Median (Q1-Q3) 5.7 (3.9 – 11.7) 7.5 (4.4 – 11.7)

IFNβ treatment duration (months) 
Median (Q1-Q3) 3.8 (3.3 – 6.1) 4.4 (3.7 –6.9)

EDSS score 
Median (Q1-Q3) 2.0 (1.5 – 2.3) 2.0 (1.5 – 2.5)

Relapses in previous 2 years (n)
≤1
≥2

16
4

11
9

BMI (n)
<25
≥25

10
10

9
11

25(OH)D (nmol/L) 
Median (Q1-Q3) 53 (43 – 63) 58 (38 – 82)

HADS-D 
Median (Q1-Q3) 3.0 (2.0 – 7.0) 4.0 (2.0 – 5.0)

However, the T1-T0 changes of the HADS-D scores did not significantly differ between groups 
(median vitamin D3 (Q1-Q3) = -1.0 (-2.0 – +0.8); placebo = -1.0 (-2.8 – 0.0); p=0.78; Figure 
2F). Also, in an ANCOVA model no additive effect of treatment on HADS-D scores could be 
found, neither when corrected for HADS-D at T0 (F (1,37)=0.003, p=0.96, r=0.009), nor when 
corrected for HADS-D at T0 and FSS at T1 (F(1,36)=0.008, p=0.93. r=0.015). Therefore, we 
cannot consider this reduction in HADS-D score as treatment dependent. In neither of the 
groups FSS scores changed significantly over time (Table 2).

High dose vitamin D supplementation does not decrease pro-inflammatory/anti-
inflammatory cytokine ratios of PBMC

Since we did not find a significant change in depression score, we explored an effect of 
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Figure 1. Flow diagram of the patient enrollment. IFN-β= interferon-beta 1α (Rebif®); RRMS= relapsing remitting 

multiple sclerosis; SAE = serious adverse event; T0= baseline; T1= week 48

vitamin D supplementation on earlier identified biomarkers of depressive symptoms in MS. 
The production of TNFα and IL-10 by PBMC was assessed, as a reflection of the balance 
between pro- and anti-inflammatory cytokines relevant for depression. Results are shown 
in Table 3 and Figure S1. At T0, neither TNFα and IL-10 levels nor the TNFα/IL-10 ratio 
correlated with HADS-D scores (Figure S2A-C). Within the placebo arm a trend towards an 
increase in IL-10 (p=0.06), with a significant reduction in the TNFα/IL-10 ratio (p=0.01) was 
found after 48 weeks, but no cytokine changes were found in the vitamin D3 supplemented 
arm. The change in the TNFα/IL-10 ratio after 48 weeks of treatment was significantly different 
between the groups (p=0.02).  

High dose vitamin D supplementation does not decrease pro-inflammatory/anti-
inflammatory cytokine ratios of CD8+ T cells 

CD8+ T cells producing pro-inflammatory cytokines were shown to be relatively increased 
in patients with MS with comorbid depressive disorder[240]. Therefore, we assessed the 
proportions of CD8+ T cells producing TNFα and IFNγ (Table 4 and Figure S3). Next to 
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these pro-inflammatory cytokines we also assessed the CD8+ T cell production of the anti-
inflammatory cytokine IL-10. At T0, neither the proportions of cytokine-producing cells nor 
the ratios correlated with HADS-D scores (Figure S2D-H). Also, in neither of the groups the 
proportions of CD8+ T cells producing TNFα, IFNγ or IL-10 changed significantly after 48 weeks 
of treatment. With respect to the ratios of pro- and anti-inflammatory CD8+ T cells, there was 
a significant reduction for the IFNγ/IL-10 ratio only within the vitamin D3 group (p=0.04). This 
reduction, however, was again not significantly different from the non-significant reduction 
in the placebo group (p=0.94).

Figure 2: Comparisons of serum 25(OH)D levels and HADS-D scores within and between groups. A) Within group 

comparisons of serum 25(OH)D levels at T0 (baseline) and T1 (week 48) in the placebo arm (n=20), B) Within group 

comparisons of serum 25(OH)D levels at T0 and T1 in the vitamin D3 supplementation arm (n=20), C) Between group 

comparisons of the serum 25(OH)D level differences between T1 and T0. D) Within group comparisons of HADS-D 

scores at T0 and T1 in the placebo arm (n=20), E) Within group comparisons of HADS-D scores at T0 and T1 in the 

vitamin D3 supplementation arm (n=20), F) Between group comparisons of the HADS-D score differences between T1 

and T0. HADS-D = depression subscale of the Hospital Anxiety and Depression Scale

A

D

B

E

C

F
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Table 3: Between and within group comparisons for cytokine secretion 

TNFα = tumor necrosis factor alpha; T0= baseline; T1 = week 48; IL-10 = interleukin-10; Q1-Q3= 25th – 75th percentile. 

* Between group comparisons of the relative changes using T1/T0 ratios

Table 2: Between and within group comparisons for HADS-D scores

HADS-D= depression subscale of the Hospital Anxiety and Depression Scale; FSS = fatigue severity scale; T0= baseline; 

T1 = week 48; Q1-Q3= 25th – 75th percentile

* Between group comparisons of the T1-T0 differences 

Placebo (n = 20) Vitamin D3 (n = 20) 
T0 
M (Q1–Q3)

T1
M (Q1–Q3)

P-
value

T0
M (Q1–Q3)

T1
M (Q1–
Q3)

P-
value

P-
value*

HADS-D 
score

3.0 
(2.0 – 7.0)

2.0 
(1.0 – 6.5)

0.06 4.0 
(2.0– 5.0)

3.0 
(2.0 – 5.0)

0.02 0.78

FSS 
score

4.6 
(3.5 – 5.2)

4.3 
(3.4 – 5.1)

0.56 4.9 
(3.3– 6.0)

4.6 
(2.8 – 6.0)

0.39 0.95

Placebo (n = 16) Vitamin D3 (n = 20)
T0
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

P-
value

T0
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

P-
value

P-
value*

TNFα 
(pg/mL)

1035 
(331 – 
1701)

765 
(302 – 
1535)

0.92
879 
(393 – 
1513)

932 
(648 – 
1662)

0.35 0.37

IL-10 
(pg/mL)

1306 
(919 – 
1754)

1762 
(1117 – 
2496)

0.06
1100 
(673 – 
2125)

1543 
(1021 – 
2104)

0.71 0.54

TNFα/IL-
10 ratio

0.81 
(0.41 – 
1.20)

0.37 
(0.24 – 
0.81)

0.01
0.56 
(0.31 – 
0.88)

0.69 
(0.46 – 
1.29)

0.23 0.02
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Little is known about the possible role of vitamin D on depressive symptoms in MS. Here 
we explored the effects of high dose vitamin D3 supplementation on depressive symptoms 
in RRMS using a randomized controlled design. Although a significant decrease in HADS-D 
scores was observed within the vitamin D3 supplementation arm, this reduction was not 
significantly different from the decrease seen in the placebo group. This observation 
emphasizes the need for blinded and controlled studies on vitamin D and MS-related 
outcomes. Furthermore, we did not observe the expected shift in pro- and anti-inflammatory 
cytokine levels in the supernatant of LPS-stimulated PBMC after vitamin D supplementation, 
nor did we observe a reduction in the proportions CD8+ T cells producing TNFα and IFNγ or a 
more reduced pro-inflammatory/anti-inflammatory cytokine ratio. Therefore, our data do not 
support a general reduction of depressive symptoms or related inflammatory biomarkers in 
MS after supplementation of high doses vitamin D3.

Table 4: Between and within group comparisons for the cytokine producing CD8+ T 
cells

TNFα = tumor necrosis factor alpha; T0= baseline; T1= week 48; IFNγ = interferon-gamma; Q1-Q3= 25th – 75th percentile. 

* Between group comparisons of the relative changes using T1/T0 ratios

Placebo (n = 20) Vitamin D3 (n = 20) 
T0
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

p-
value

T0
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

p-
value

p-
value*

% TNFα+CD8+ 
T cells

21.5 
(14.5 – 
38.2)

19.7 
(11.1 – 
36.9)

0.22 27.1 
(18.7 – 
31.5)

22.5 
(16.2 – 
35.3)

0.91 0.21

% IFNγ+CD8+ 
T cells

18.9 
(15.9 – 
26.4)

16.1 
(9.2 – 
28.7)

0.58 28.1 
(18.2 – 
40.5)

22.8 
(16.1 – 
36.4)

0.37 0.82

% IL10+CD8+ 
T cells

0.7 
(0.3 – 
1.0)

0.9 
(0.4 – 
1.2)

0.49 0.7 
(0.4 – 
1.1)

0.8 
(0.7 – 
1.3)

0.14 0.46

TNFα/IL-10 
ratio

42.8 
(19.3 – 
79.8)

32.5 
(17.5 – 
49.5)

0.28 34.7 
(21.5 – 
104.3)

28.0 
(16.4 – 
45.3)

0.16 0.94

IFNγ/IL-10 
ratio

36.7 
(17.7 – 
63.9)

30.7 
(10.7 – 
40.6)

0.24 45.1 
(25.2 – 
78.8)

27.6 
(18.2 – 
42.9)

0.04 0.94
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In non-MS cohorts, low serum 25(OH)D levels were shown to be associated with more 
depressive symptoms[252-253]. Patients with a current depression had higher odds of having a 
low vitamin D status compared to healthy controls, and the vitamin D status of these patients 
was inversely correlated with depression severity[245]. Although most studies have shown this 
relation between vitamin D and depression, some others did not find these associations[254-255], 
and causality is uncertain. In depressive disorder several RCTs with vitamin D3 have been 
conducted, again with conflicting results. Even meta-analyses, assessing largely the same 
studies, are not unanimous, showing either beneficial effects of vitamin D3 supplementation 
on depression or no effect at all[247, 256-257]. However in some RCTs, as well as in the current 
study, patients had low depression scores and relatively normal 25(OH)D levels at baseline[241, 

257]. Therefore, it may be that effects of vitamin D3 supplementation can only be measured in 
actual depressive disorder or in case of vitamin D insufficiency. 

In MS patients also associations between vitamin D status and depression have been 
observed in cohorts not selected for manifest depression. However, they were not maintained 
after adjustment for confounders[52]. By contrast, sun exposure was found to be associated 
with depression in MS, independent of 25(OH)D levels[246]. Therefore, previous studies 
showing associations between vitamin D and depression may have captured associations 
as an epiphenomenon. This may also explain why supplementation of high daily dosages of 
vitamin D, which substantially increase serum 25(OH)D levels, does not have a clear effect on 
depression scores in our study. Alternatively, we cannot exclude that our groups were too 
small and lacked the power to detect an effect of vitamin D3 supplementation. This might be 
related to the study design based on only two evaluations in a timeframe of 48 weeks, and 
influence of confounding factors. Furthermore, other studies need to show whether our 
results are also applicable to other cohorts of MS patients, especially those with longstanding 
disease or with major depressive disorder. 

Reductions of depressive symptoms may be the result of a normalized immune/cytokine 
profile[236, 239]. Vitamin D has been shown to affect several immune parameters, including 
serum cytokine levels and several cell subsets of the adaptive and innate immune system[44, 46]. 
Here, we measured pro- and anti-inflammatory cytokine secretion by PBMC and CD8+ T cells, 
which have been shown to be associated with depression and comorbid depression in MS[240]. 
These biomarkers for depression were also not influenced by vitamin D3 supplementation. 
Also, cytokine balances did not contribute to the HADS-D scores in ANCOVA models (data 
not shown). It would have been interesting to study the effects of vitamin D supplements 
on other parameters, such as cytokine levels in CSF or inflammatory activity on MRI, which 
possibly better reflect the local effects of vitamin D in the CNS. 

In this study patients of both groups showed a reduction in depressive scores after 48 
weeks. As there are several theories to explain depression, several mechanisms besides 
normalization of cytokine profiles may account for this reduction. Our study population had 
a short median disease duration at baseline, below one year. The reduction in depressive 
symptoms in both groups, therefore, may reflect a depressive reaction after diagnosis 
which normalizes over time because of better acceptance and coping strategies[258]. Also, 
the reductions in both arms may be explained by nonspecific attention from participation 
in the trial[259]. Furthermore, Gold et al. suggest that different mechanisms, i.e. HPA-axis 
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dysregulation and inflammation, mediate different aspects of sickness behaviour[240]. They 
observed that the proportions of pro-inflammatory CD8+ T cells were more related to 
fatigue, whereas the cortisol slope as HPA-axis parameter was associated with depressive 
symptoms[240]. Indeed, we previously found no association between serum 25(OH)D levels 
and fatigue in RRMS[52], and also in the present study no changes were found for fatigue and 
immunological parameters after vitamin D3 supplementation. We did not measure HPA-axis 
parameters, therefore there might be an improvement of the HPA-axis regulation. 

Altogether, we found no evidence that vitamin D3 supplementation reduces depressive 
symptoms or related biomarkers in early RRMS in our exploratory study. Whether vitamin D3 
supplementation is of benefit for manifest depression and/or preferentially in case of a poor 
vitamin D status in MS needs to be assessed by additional randomized controlled studies.
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dysregulation and inflammation, mediate different aspects of sickness behaviour[240]. They 
observed that the proportions of pro-inflammatory CD8+ T cells were more related to 
fatigue, whereas the cortisol slope as HPA-axis parameter was associated with depressive 
symptoms[240]. Indeed, we previously found no association between serum 25(OH)D levels 
and fatigue in RRMS[52], and also in the present study no changes were found for fatigue and 
immunological parameters after vitamin D3 supplementation. We did not measure HPA-axis 
parameters, therefore there might be an improvement of the HPA-axis regulation. 

Altogether, we found no evidence that vitamin D3 supplementation reduces depressive 
symptoms or related biomarkers in early RRMS in our exploratory study. Whether vitamin D3 
supplementation is of benefit for manifest depression and/or preferentially in case of a poor 
vitamin D status in MS needs to be assessed by additional randomized controlled studies.

Figure S1: Comparisons of TNFα and IL-10 production by PBMC within and between groups. A and D) Within 

group comparisons of cytokine levels, in culture supernatants of LPS-stimulated PBMC, at T0 (baseline) and T1 (week 

48) in the placebo arm (n=16), B and E) Within group comparisons of cytokine levels at T0 and T1 in the vitamin D3 

supplementation arm (n=20), C and F) Between group comparisons of the cytokine level differences between T1 and 

T0. TNFα= tumor necrosis factor alpha; IL-10=interleukin-10.
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Figure S2: Relations between depressive symptoms and cytokine production at study baseline. A-C) Relations 

between HADS-D scores and cytokine levels in culture supernatants of LPS-stimulated PBMC at T0 (baseline) (n=36), 

and D-H) Relations between HADS-D scores and proportions of cytokine-producing CD8+ T cells at T0 (n=40). HADS-

D=depression subscale of the Hospital Anxiety and Depression Scale; TNFα= tumor necrosis factor alpha; IFNγ= interferon-

gamma; IL-10=interleukin-10.
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Figure S3: Comparisons of TNFα, IFNγ and IL-10 production by CD8+ T cells within and between groups. A, D and 

G) Within group comparisons of proportions of cytokine producing CD8+ T cells at T0 (baseline) and T1 (week 48) in the 

placebo arm (n=20), B,E and H) Within group comparisons of proportions of cytokine producing CD8+ T cells at T0 and 

T1 in the vitamin D3 supplementation arm (n=20), C, F and I) Between group comparisons of differences in proportions 

of cytokine producing CD8+ T cells between T1 and T0. TNFα= tumor necrosis factor alpha; IFNγ= interferon-gamma; IL-

10=interleukin-10.
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Sex steroids, corticosteroids and vitamin D3-derived molecules have all been subject to 
experimental studies and clinical trials in a plethora of autoimmune diseases. These molecules 
are all derived from cholesterol metabolites and are ligands for nuclear receptors. Ligation of 
these receptors results in direct regulation of multiple gene transcriptions involved in general 
homeostatic and adaptation networks, including the immune system. Indeed, the distinct 
ligands affect the function of both myeloid and lymphoid cells, eventually resulting in a less 
pro-inflammatory immune response which is considered beneficial in autoimmune diseases. 
Next to the immune system, also the central nervous system is prone to regulation by these 
nuclear receptor ligands. Understanding of the intricate interactions between sex-steroids, 
corticosteroids and vitamin D3 metabolites, on the one hand, and the immune and central 
nervous system, on the other hand, may reveal novel approaches to utilize these nuclear 
receptor ligands to full extend as putative treatments in multiple sclerosis, the prototypic 
immune-driven disease of the central nervous system.
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Multiple sclerosis (MS) is a disabling inflammatory and neurodegenerative disorder, which 
affects the brain and spinal cord. The complex pathophysiology of this disorder, involving 
both genetic and environmental factors, is still not fully unraveled[1]. MS affects 2-3 times 
more females compared to males[2, 260]. This gender difference in MS incidence has attracted 
scientific attention to sex-steroids as being relevant for the disease mechanism in MS[205]. The 
geographic distribution of MS prompted the attention for vitamin D3 as being an interactor 
with the disease process of MS. MS incidence is lower in geographical areas near the equator, 
and sunlight exposure correlates negatively with MS incidence[37, 261]. One of the mechanistic 
factors mediating this association was postulated to be vitamin D3. Indeed, vitamin D intake 
as well as serum vitamin D status prior to disease onset predicted the risk of developing 
MS[38-39]. Currently, a role of vitamin D3 supplementation in the treatment of patients with 
MS is being investigated. There is no cure for MS, but there are drugs which modulate the 
disease course of MS resulting in less exacerbations and less rapid accumulation of disability 
in the early phases of MS. One of the earliest classes of immune suppressing drugs identified 
and still used to shorten exacerbations of MS are corticosteroids[262-263]. 

There are many surprising similarities between sex-steroids, corticosteroids and vitamin 
D3-derived molecules (1,25-dihydroxyvitamin D3 (1,25(OH)2D3) or calcitriol), which make 
the association of these three families of nuclear receptor ligands with MS intriguing. Most 
strikingly, they originate from a similar precursor, follow a similar metabolic pathway and 
have similar effects on the immune response. The aim of this paper is to provide a concise 
overview of the molecules, enzymes, cells and receptors involved in the sex-hormone, cortisol, 
and vitamin D3 pathways, and to discuss their similarities, differences and interactions in 
the context of the disease process of MS. The aim of this paper is not to give exhaustive 
and complete overviews of the different molecules, but rather to touch on the items that 
support their mode of action within an integrated network. Recent review articles on the 
individual nuclear receptor ligands in the context of MS have been published elsewhere[44, 46, 

264-268]. After a short introduction on nuclear receptors, the different nuclear receptor ligands 
will be discussed separately, showing their comparable synthesis, receptor distribution 
and effects on immune responses and on central nervous system (CNS) resident cells, as 
well as associations with MS disease course and activity. Next, we discuss several studies 
showing their interactions, and finally we will postulate a model of interaction between these 
molecules in MS. 

Nuclear receptors refer to a group of intracellular receptors that can bind to specific ligands 
and function as transcription factors. They migrate to the cellular nucleus and regulate 
expression of nuclear receptor ligand-responsive genes by binding to specific domains 
in the promoter regions of these genes. At present, 3 classes can be defined: 1) the true 
steroid receptors, including the estrogen receptor (ER), the progesterone receptor (PR), the 



113
Chapter 6 - Vitamin D and the network of nuclear receptor ligands in multiple sclerosis: a review Chapter 6 - Vitamin D and the network of nuclear receptor ligands in multiple sclerosis: a review

glucocorticoid receptor (GR), the androgen receptor (AR) and the mineralocorticoid receptor 
(MR), 2)  the thyroid/retinoid receptor family, including the thyroid receptor, the vitamin D 
receptor (VDR), the retinoic acid receptor and the peroxisome proliferator activated receptor 
(PPAR), and 3) the orphan receptors, which were identified by sequencing as belonging to the 
nuclear receptors, but without yet identified ligands [reviewed in[269]]. Although this review 
focuses on sex-steroids, corticosteroids and vitamin D3, there are more possible interacting 
nuclear receptor ligands. For instance, the vitamin A metabolite retinoic acid has also been 
implicated in the disease process of MS[270].  

Nuclear receptors constitute to phylogenetically old mechanism of signal transduction. 
Although this is a matter of debate, the most ancestral nuclear receptor has been proposed 
to be an ER[271-272]. This ancestral ER would have been present before the divergence to 
protostomes and deuterostomes, as ER-like receptors were also found in mollusks and 
annelids[273-274]. The current spectrum of nuclear receptors found in vertebrates is probably 
derived from duplications within this ancestral receptor gene[272]. The ligands of this ancestral 
receptor are uncertain, and have been argued to be not very specific[275-276]. The enzymes 
involved in the currently known steroid synthesis belong to the CYP450 family (Figure 1), and 
have been evolved within the separate metazoan phyla[277]. Therefore, the ligands, the steroid 
hormones, formed by these enzymes also have been modified over time. These CYP450 
enzymes also function in the hydroxylation of xenobiotics, foreign chemical substances, as 
a detoxification mechanism. Therefore, early in evolution, the ancestral estrogen receptor 
has been argued to be a general xenobiotic sensor; a receptor able to bind to all kinds of 
nutritional and/or chemical components enabling a cell to respond[275-277]. Later in evolution, 
different nuclear receptors became more specialized in binding particular ligands[276], which 
may have been specific environmental components important in evolution of animals that 
with their differentiated organs also specialized receptors evolved at that time. This process 
has resulted in the sex-steroid, cortisol and vitamin D3 metabolism as we know them today in 
vertebrates. However, the biological roles which these different nuclear receptors and their 
ligands have may, also have adapted during evolution. 

Sex steroids are well known for mediating biological processes related to sexual differentiation, 
sexual behavior and reproduction. In this paragraph, we will discuss the metabolism of sex-
steroids and their effects on leukocytes and CNS-resident cells in the context of MS.

Sex-steroids are derived from cholesterol. Cholesterol is metabolized to pregnanolone, which 
is achieved by CYP11A1-catalyzed cleavage of the 6C unit side chain (Figure 1). This enzymatic 
step is highly regulated by adrenocorticotrophic hormone (ACTH) and luteinizing hormone 
(LH)[264]. Via 3β-hydroxysteroid dehydrogenase (3βHSD) and steroid 17α-monooxygenase 
(CYP17), the further metabolic pathway is entered, leading to the formation of progesterone 
and other precursors of the sex-steroids as well as corticosteroids. The enzyme 
aldoketoreductase C3 (AKR1C3 or 17HSD3) regulates the formation of testosterone, and 
via this and an alternative pathway, the enzyme aromatase (CYP19) is the rate-limiting step 
for the formation of estradiol. The most well-known places for sex-steroid synthesis are the 
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gonads, the ovaries in females and the testes in males, and to a lesser extent the adrenal 
glands in both sexes. In the circulation, the concentration of progesterone is more or less 
equal in non-pregnant females and males. However, during pregnancy, it rises approximately 
10-times in the maternal circulation. The circulating concentrations of estrogens are highest 
in females, whereas testosterone concentrations are highest in males. In the circulation the 
majority of the sex-steroids is bound to the hepatocyte-derived sex-steroid binding globulin 
(SBG)[278], a smaller fraction to albumin, with only a small free fraction. The end-products 
of sex-steroid synthesis bind with high-affinity to their own specialized cytosolic receptors, 
which are estrogen receptors (isoforms ERα and ERβ) for estradiol, progesterone receptors 
for progesterone (isoforms PRA and PRB), and the androgen receptor for testosterone. 
After interaction with their specific ligand, the sex-steroid/receptor complex moves from the 
cytosol to the nucleus and regulates expression of responsive genes. In addition to these 
cytosolic receptors, membrane-located variants have been identified for most of them, 
mediating fast non-genomic effects of sex-steroids[279]. Several cells of the immune system 
express sex-steroid receptors. All human immune cells in the blood, lymphoid tissues and 
bone marrow express nuclear ER[280-281]. PR has been found in macrophages and NK cells, but 
little to no expression has been found in lymphocytes[282-283]. The effects of progesterone on 
human T cells have been argued to be mediated by cell-membrane receptors with affinity for 
progesterone[284-286]. One of these membrane progesterone receptors has been identified 
on human circulating regulatory T cells[286]. The nuclear AR has been identified in mouse 
myeloid cells and lymphocytes[287-290], but in human bone marrow, only myeloid cells and 
not lymphocytes expressed AR[291]. Also, AR-expression was observed in human maturing 

Figure 1: Metabolic pathways of sex-steroids, corticosteroids and vitamin D3-derived molecules. The blue arrows 

indicate metabolic steps, the bold molecules indicate relevant nuclear receptor ligands, the underscored text designates 

the different families. 17βHSD: 17β hydroxysteroid dehydrogenase; 3βHSD: 3β hydroxysteroid dehydrogenase; CYP2R: 

vitamin D3 25 hydroxylase; CYP11A: cholesterol sidechain cleavage enzyme; CYP11B1: steroid 11 beta hydroxylase 

type 1; CYP11B2: aldosterone synthase; CYP17: steroid 17α monooxygenase; CYP19: aromatase; CYP21: steroid 

21-hydroxylase; CYP27B1: 25-hydroxyvitamin D3 1α alpha hydroxylase; DHCR: 7-dehydrocholesterol reductase. 



115
Chapter 6 - Vitamin D and the network of nuclear receptor ligands in multiple sclerosis: a review Chapter 6 - Vitamin D and the network of nuclear receptor ligands in multiple sclerosis: a review

thymocytes, but not in circulating T cells[292]. Contrastingly, recent reports on AR-expression in 
human T cells with implications of testosterone-treatment on functional characteristics have 
been published[293]. Furthermore, treatment of human lymphocytes with supra-physiological 
doses of testosterone in vitro induced expression of AR[294]. Additionally, alternative receptors 
may have testosterone-metabolites as ligands in vivo, including PPARα[295]. Regarding CNS 
resident cells, several studies have reported the presence of ER, PR and AR in neurons, 
astrocytes and oligodendrocytes[264, 296]. Variable findings on ER expression in microglia have 
been reported[297-299], which may be dependent on detection method, species and activation 
state. Besides the classical cytosolic receptors, the earlier mentioned membrane-located 
variants are also likely to be relevant. Estradiol and progesterone binding was still observed 
in the CNS of ER and PR knock-out mice[296, 300]. These membrane receptors may be G-protein-
coupled receptors[296, 300-301]. At least those for estrogen have been found in neurons and 
astrocytes[302], and those for progesterone have been found on neurons and the several glia 
cells in mice[303]. Although sex steroid receptors are broadly expressed throughout the CNS, 
their expression is not equally distributed. Highest densities of ER, PR and AR are found in 
the hypothalamus, hippocampus and amygdala[304], which belong to the most ancient part 
of the brain and are the regions associated with reproduction and emotional processing. 
Importantly, CNS cells not only respond to sex-steroids, but can also produce these steroids. 
Progesterone and estradiol are produced in many different brain regions by both neurons 
and glia cells[264, 305-308]. 

Neuroprotective effects of estrogens have been studied in many experimental models 
of brain damage due to neurodegenerative, neurotoxic, neurovascular or traumatic 
injury. As reviewed by Kipp et al.[264] estradiol protects neurons against damage because 
of oxidative stress and neurotoxicity amongst others. Estradiol protects also immature 
and mature oligodendrocytes from many signaling pathways which induce cell apoptosis, 
such as oxygen-glucose deprivation, oxidative stress, and TNF-related apoptosis inducing 
ligand[264]. In experimental autoimmune encephalitis  (EAE) it was confirmed by using an ER-
agonist that estradiol prevents oligodendrocyte depletion. Whether estrogens also have 
the capacity to regulate myelination and myelin repair is less clear[264]. Neuroprotective 
effects of progesterone have also been shown in several experimental models, including 
chronic EAE[309-311]. Neuroprotective effects of progesterone are regulated in a similar way as 
estrogen[264], with additional evidence that progesterone promotes myelination and myelin 
repair. These effects may be direct effects on oligodendrocyte precursor cells and mature 
oligodendrocytes or indirect effects via neurons and/or astrocytes (for a more detailed 
review see[307]). Testosterone treatment also has been shown to promote remyelination in 
the cuprizone model, by promoting the recruitment and proliferation of oligodendrocyte 
precursor cells possibly via AR signaling on neurons[312]. Also, it was shown that testosterone 
induces neuronal differentiation and enhances neurite outgrowth[313].

Sex-steroids have comparable effects on the innate and adaptive immune response. 
Estrogen influences responses of innate and adaptive immune cells, but can be pro- or 
anti-inflammatory, dependent on the concentration used and the nature of the immune 
response which is elicited (reviewed in[314-316]). Low doses of 17β-estradiol have been 
shown to promote the production of interleukin (IL)-1β, IL-6 and IL-12 by macrophages 
and subsequent Th1-driven immunity[317]. In higher doses, estrogen, progesterone and 
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testosterone regulate cytokine production by myeloid cells (monocytes, macrophages, 
dendritic cells (DCs)), generally inhibiting pro-inflammatory (TNFα and IL-1β) and promoting 
anti-inflammatory cytokines (TGFβ and IL-10) [289, 314, 318-319]. Maturation and differentiation 
of DCs towards a pro-inflammatory profile is inhibited. Consequently, T cell responses are 
skewed towards a less pro-inflammatory state, with decreased pro-inflammatory (IL-2, IFN-γ, 
TNF-α, IL-17) and increased anti-inflammatory cytokines (IL-4, IL-6, IL-10, TGF-β) [287-289, 295, 

314, 320-321]. Generally, T cell proliferation is inhibited and cells are skewed towards a FoxP3+ 
regulatory phenotype[321-325]. There is evidence that sex-steroid receptor expression, as well 
as metabolic pathways are regulated in the context of inflammatory MS lesions. In active 
MS lesions, our group showed ER mRNA to be upregulated[326-327]. In addition, there is an 
extensive expression of enzymes within the sex-steroid metabolic pathways which is sex-
specifically regulated in the context of MS lesions[308, 327]. These enzymes are mostly expressed 
by astrocytes.

There are several lines of evidence suggesting that sex-steroids are relevant in MS. 
Testosterone has protective effects on MS disease activity. As discussed previously, MS risk 
is lower in males when compared to females. It has been reported that male and female 
patients with MS have lower serum testosterone levels when compared to controls[328-329]. 
Additionally, lower testosterone levels correlated with higher levels of disability[330] and more 
active MS lesions on MRI[329]. Also in EAE, where male mice are less susceptible to disease 
development, androgens were shown to be protective[331]. Clinical trials in MS with androgens 
are limited. In a small pilot study in ten male MS patients, testosterone treatment not only 
slowed down the progressive grey matter loss but it even induced focal increase of grey 
matter volume[332-333]. Although no effects on MRI inflammatory activity and EDSS-progression 
could be found[332], serum IL-2 decreased and TGFβ increased, accompanied by a decline 
in the circulating CD4+ T cell proportion[334]. The reduction of relapse risk and MRI-activity 
of MS during pregnancy[335-336] have been attributed both to estrogens and progesterone, 
since they both increase during pregnancy and peak in the third trimester. Associations of 
MS disease activity with changing sex-steroid levels during the normal menstrual cycle are 
less clear, although it has been reported that patients experience more MS symptoms in 
the (pre)menstrual period, when female sex steroid levels are low[337]. Contradictive reports 
have been published regarding MRI activity and menstrual cycle, but show generally no 
association[338]. In EAE, treatment with estradiol and estriol prevents or ameliorates disease[331, 

339-341]. In MS, contradictory findings have been reported regarding hormonal treatment and 
pregnancies and their relation to MS risk and disease modulation. Several epidemiological 
studies concluded that oral contraceptive (OC) use and parity were not associated with the 
risk of MS[342-345], with some studies suggesting an associated delay in the age of disease 
onset[345-347]. In a recent RCT, female MS patients receiving high dose estrogens as add-on 
therapy to interferon-beta had significantly less new lesions (total), and less new active 
lesions, compared to patients who received only interferon-beta[348]. In another RCT, female 
MS patients treated with 24 months estriol showed a reduced annualized relapse rate, and 
serum estriol concentrations were inversely correlated with the number of relapses and 
the number of active lesions on MRI[349]. Furthermore, in a preceding pilot study in 10 MS 
patients, estriol treatment skewed PBMC cytokine production to a more anti-inflammatory 
profile (decreased TNF-α and increased IL-10 and IL-5)[350]. 
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In summary, sex steroids are synthesized from cholesterol, act on their specialized nuclear 
receptors and have both neuroprotective and immune regulating properties. Neurons 
and oligodendrocytes are protected and myelin repair may be promoted, particularly by 
progesterone. Also, they influence immune responses by regulating cell differentiation, 
skewing them from a pro-inflammatory towards an anti-inflammatory cytokine profile, and 
by inducing regulatory T cells. These cellular effects may result in beneficial effects of these 
molecules on the disease process of MS.

Corticosteroids were identified as the key-regulators of fight-or-flight responses, mediating 
energy replenishment and cardiovascular control in response to stressful events. This 
redistribution of energy is also reflected by effects of corticosteroids on lymphocytes and 
CNS-resident cells. In this paragraph, we will discuss corticosteroid synthesis and the effects 
of these molecules on several relevant cells in the context of MS.

Corticosteroids are synthesized from cholesterol. In the adrenal cells, cholesterol is 
converted to pregnanolone by cleavage of the 6C unit side chain, which takes place in the 
mitochondrion and is catalyzed by CYP11A. This first step is similar to the sex-steroids. Further 
hydroxylation steps take place in the smooth endoplasmatic reticulum, where two different 
pathways can be followed. Either pregnanolone can be converted towards progesterone, 
corticosterone and aldosterone (also designated as mineralocorticoids with roles in 
electrolyte and fluid balances), or towards 17-hydroxypregnanolone, androgens and cortisol 
(known as glucocorticoids) (Figure 1). The glucocorticoid synthesis is regulated by signals 
from the hypothalamic pituitary adrenal (HPA) axis. The circadian clock and stress affect 
the release of corticotrophin releasing hormone (CRH) in the hypothalamic paraventricular 
nucleus (PVN), which controls the secretion of ACTH in the pituitary and subsequently 
glucocorticoid production in the adrenal glands. In the circulation, cortisol is mostly bound 
to corticosteroid binding globulin (CBG, 80-90%) and to a lesser extent to albumin (10-
15%), with a small free-fraction[351]. CBG is mainly synthesized by hepatocytes, and has been 
recently advocated to serve more pleiotropic functions than carrying corticosteroids[352]. The 
metabolites of the corticosteroid metabolic pathways can bind to glucocorticoid receptor 
(GR) or mineralocorticoid receptor (MR). The GR is expressed by almost every cell-type in 
the body, including almost all cells of the immune system and the CNS. The density of GR 
immunostaining is variable throughout the CNS, and appears most prominent in pituitary 
and hypothalamic PVN (which are key regulators of the HPA-axis), but also the cerebellum[353]. 
Individual cells can express both the cytosolic GR, as well as membrane-located variants. 
The intracellular receptor type mediates the classical genomic actions of glucocorticoids, 
while the second type is responsible for fast non-genomic effects[354]. After ligation of 
the cytosolic GR to cortisol, the receptor-ligand complex translocates to the nucleus and 
regulates expression of corticosteroid-responsive genes by binding to glucocorticoid 
response elements. The essential role of corticosteroids in life is highlighted by the fact that 
GR-deficient mouse-strains show extensive developmental abnormalities and die early after 
birth[355]. The expression of MR is more restricted when compared to GR, but is still found in a 
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variety of tissues including kidney, gut, heart and brain. In the CNS, MR is highly expressed in 
neurons within the limbic structures of the brain, with emphasis on the hippocampus[356]. MR 
has a high affinity for both cortisol and aldosterone, however cortisol is far more prevalent 
in the circulation and tissues. In kidney cells, the 11β hydroxysteroid dehydrogenase type 2 
enzyme converts cortisol to an inactive metabolite, allowing receptor occupation by the far 
less prevalent aldosteron[357]. However, several cell-types lack this enzyme, including cells 
within the CNS, and therefore MR can be regarded mainly as a cortisol-receptor. Since GR 
has been most extensively investigated in inflammation and is targeted by glucocorticoid-
treatment in MS, we will focus on this receptor. 

In the animal model EAE, treatment with glucocorticoids ameliorates disease and genetically 
dependent low responsiveness of the HPA-axis increases EAE-susceptibility[358-360]. Likewise, 
methyl-prednisolone and dexamethasone, synthetic forms of cortisol with enhanced GR-
specificity, were introduced in MS and are now commonly accepted to treat exacerbations in 
relapsing remitting MS (RRMS)[262-263]. Early studies reported passive transfer of glucocorticoids 
into lymphocytes, binding to specific macromolecules in the cytosol and suppressing 
proliferation and promoting lysis of these cells[361-362]. The effects of glucocorticoids on T 
cell function appeared most important for modulation of the EAE model[363]. Evidence from 
both experimental models as well as MS patients suggests that this may also be a relevant 
mechanism in MS. Glucocorticoid-induced cell death has been proposed as an important 
mechanism by which glucocorticoid modulates T cell function. At high doses, this mechanism 
is found to mediate suppression of disease in EAE, yet efficacious treatment with lower doses 
did not induce apoptosis[364]. In human MS patients, pulsed glucocorticoid therapy induced 
an increased proportion of circulating apoptotic T cells[365-367]. Glucocorticoids interfere with 
migration/homing capacity of T cells. This is illustrated by a reduced migration towards CCL19 
with preserved CXCL12 migration of T cells in glucocorticoid-treated EAE[368]. Expression of 
migration molecules on T cells as VLA-4 and LFA-1 as well as chemokine receptors CXCR3 is 
inhibited by treatment of patients with corticosteroids[369-370]. A reduced cerebrospinal fluid 
(CSF) cell count (reduced CD4+ proportion) has been reported after pulsed glucocorticoids[371]. 
Additionally the mRNA-production of pro-inflammatory cytokines (IFN-γ, TNF-α, GM-CSF, IL-
1, IL-2, IL-12) is inhibited and the mRNA-production of anti-inflammatory cytokines (TGFβ, 
IL-4, IL-10) promoted upon pulsed glucocorticoid treatment, which was also observed for 
cytokine secretion by PBMC and T cells  [365, 367, 371-375]. Likewise, in the EAE model, physiological 
doses of glucocorticoids skewed the T cell profile from a Th1 to a Th2 phenotype[376]. In 
addition to modulating the cytokine profile, glucocorticoids may also skew the T cell profile 
to a more regulatory phenotype. An increased CD39-expression on circulating regulatory 
T cells[377] and improved regulatory T cell suppressive capacity[378] have been reported after 
pulsed glucocorticoid therapy in MS. 

Direct anti-inflammatory effects on CNS-resident cells have also been found. In vitro, 
production of pro-inflammatory mediatory in LPS-primed microglia was reduced after 
treatment with cortisol[379-380]. Likewise, dexamethasone-treatment suppressed the LPS-
induced NF-κB activity in the murine brain[381]. Contradictory, pro-inflammatory roles of 
GR-signaling has also been described, mostly in the context of acute and chronic stress 
(reviewed in[382]). It has been argued that the effects of glucocorticoids on inflammation in the 
CNS are dependent on timing of the inflammatory stimulus and start of treatment. 
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There are several lines of evidence that these corticosteroid-related mechanisms are relevant 
and potentially beneficial in MS. In MS patients, the HPA-axis is overactive. In cross sectional 
clinical studies, higher plasma cortisol levels and an augmented response of the combined 
dexamethasone-CRH test have been reported in MS[383-388]. In post-mortem studies, chronic 
activation of the stress axis in MS is suggested by enlarged adrenal glands, higher cortisol 
levels in the CSF and an increased proportion of CRH-producing neurons co-expressing 
vasopressin (VP) in the hypothalamus[389-391]. MS patients lacking signs of an augmented 
stress-reaction were reported to have a more severe clinical course of their disease[390, 392]. 
Likewise, an impaired cortisol release in the combined dexamethasone-CRH test correlated 
negatively with gadolinium-enhancing MRI lesions in MS[393]. These findings suggest that the 
augmented endogenous cortisol synthesis in MS may serve a beneficial disease-limiting 
mechanism in MS. Additionally, the beneficial effect of high-dose glucocorticoid-treatment 
in MS supports this hypothesis.    

In summary, corticosteroids are synthesized from cholesterol, act on their specialized nuclear 
receptors and have immune regulating properties. Immune responses are skewed to a less 
pro-inflammatory phenotype, with promotion of anti-inflammatory and regulatory T cells. 
In MS, an impaired endogenous corticosteroid response correlates with adverse disease 
outcomes, and treatment with high-dose corticosteroids shortens relapses of MS.   

Vitamin D3 is best known for its crucial role in maintaining a healthy bone metabolism. It is the 
precursor of a potent immunomodulatory molecule, which shares many characteristics with 
sex-steroids and corticosteroids. In this paragraph, the metabolism and signaling pathway, 
as well as the effect on leukocytes and CNS-resident cells will be discussed.

In contrast to corticosteroids and sex-steroids, 7-dehydrocholesterol is not converted to 
cholesterol, but rather to vitamin D3 (or cholecalciferol) by exposure to sunlight and heat in 
the skin (Figure 1)[394]. In the circulation, almost all vitamin D3 metabolites are bound to the 
specialized carrier molecule group-specific component (GC or vitamin D binding protein) which 
is produced in the liver by hepatocytes[395]. A smaller proportion is bound to albumin, with a 
very small free fraction. The majority of vitamin D3 is instantly converted to 25-hydroxyvitamin 
D3 (25(OH)D3) in the liver by vitamin D 25-hydroxylase CYP450 superfamily enzymes (CYP2R1, 
CYP27A1 and CYP3A4). The 25(OH)D molecule has the longest half-life and is accepted to 
reflect systemic vitamin D status best, but has a low affinity for the VDR and is therefore 
not biologically active. Serum 25(OH)D shows a seasonal fluctuation, with high levels in late 
summer and low levels in early spring. To become biologically active, another hydroxylation 
step is needed by 25-hydroxyvitamin D 1α-hydroxylase (CYP27B1) which catalyzes the 
formation of 1,25-dihydroxyvitamin D3 (1,25(OH)2D3). Most 1,25(OH)2D3 is produced for 
endocrine purpose by the kidneys upon tight signaling from the parathyroid gland, which 
serves a vital role in the conservation of calcium homeostasis[396]. The 1,25(OH)2D3 can bind 
to the intracellular vitamin D receptor (VDR), which forms heterodimers with the retinoid 
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X receptor (RXR), translocates to the nucleus and binds to vitamin D response elements 
in the genome.  In this way, expression of the catabolism gene for vitamin D3, 1,25(OH)2D3 
24-hydroxylase (24-OHase) is induced, which leads to catabolism of an excess of bioactive 
vitamin D3. A membrane-located variant-receptor for 1,25(OH)2D3 mediating non-genomic 
functions of vitamin D3 has also been described, the 1,25(OH)2D3-membrane-associated 
rapid response-steroid binding receptor[397].

VDR-expression in B and T lymphocytes was first reported in the 1980’s[186]. Since then, 
many studies showed expression of not only VDR, but also CYP27B1 and CYP24A1 in 
human activated B and T lymphocytes, monocytes, macrophages and DCs (reviewed in[45]). 
Addition of exogenous 25(OH)D3 or 1,25(OH)2D3 to peripheral blood mononuclear cell and 
lymphocyte cultures with mitogenic or antigen-specific stimulation inhibits proliferation, 
inhibits release of pro-inflammatory cytokines (IFN-y, IL-2, IL-6, IL-17 and IL-21), promotes 
release of anti-inflammatory cytokines (IL-4, IL-5, IL-10), and promotes adaptation of a 
regulatory phenotype by T cells (CTLA-4 and FoxP3)[45]. In the EAE animal model, treatment 
with 1,25(OH)2D3 was able to prevent and abrogate disease activity[398], which has been shown 
to be directly T cell dependent[399], with blocking of encephalitogenic T cell migration in the 
CNS by downregulation of CXCR3[400] and with an increase of Helios-positive FoxP3-positive 
regulatory T cell frequencies in the CNS[401]. Accordingly, human infiltrating T cells stained 
positive for VDR in our study on MS lesions[54]. In summary, vitamin D3 serves a role as an anti-
inflammatory molecule in the adaptive arm of the immune response. Pro-inflammatory roles 
of vitamin D3 in the innate immune-response have also been described, with a promotion 
of cathelicidin antimicrobial peptide expression in myeloid cells[402]. In immunohistochemical 
studies in post-mortem human brain tissue positive immunostaining for VDR and 25(OH)
D 1α-hydroxylase was reported[403]. We and others showed in post-mortem human brain 
tissue immunostaining for VDR in neurons, microglia, astrocytes and oligodendrocyte-like 
cells[54, 403]. Furthermore, neurons and astrocytes stained positive for 1,25(OH)2D 24-OHase. 
Both primary human astrocytes and microglia expressed VDR and CYP27B1 mRNA[54]. Also in 
neuronal and glia cells derived from rodents and cell lines, expression of VDR, CYP27B1 and 
CYP24A1 has been found (reviewed in[404]). 

Vitamin D3 metabolism in the CNS is induced by inflammation. In EAE, disease upregulates 
CYP27B1 expression and the formation of 1,25(OH)2D

[405]. Likewise, in active MS lesions, 
expression of VDR and CYP27B1 mRNA are up-regulated. Both demyelinating macrophages 
and reactive astrocytes were immunoreactive for VDR, and primary human microglia 
upregulated CYP27B1 upon exposure to pro-inflammatory cytokines in vitro[54]. Exposure of 
pro-inflammatory cytokine-challenged microglia and astrocytes to 1,25(OH)2D3 in vitro reduced 
TNF-α, IL-6 and M-CSF production[406-407]. Therefore, this local vitamin D3 activation may serve 
an anti-inflammatory role. Additionally, production of neuroprotective agents as neurotrophic 
growth factor is promoted and proliferation of neurons inhibited with a promotion of neurite 
outgrowth[408]. Furthermore, vitamin D3 protects neurons from signaling pathways that induce 
apoptosis, such as glutamate toxicity and oxidative stress[409-410]. Myelination is also promoted 
by 1,25(OH)2D3, by promotion of oligodendrocyte progenitor cells to myelinating mature 
oligodendrocytes, and by promotion of neuronal stem cell proliferation and differentiation to a 
neuron/oligodendrocyte-phenotype[411-412]. In summary, vitamin D3 inhibits inflammation in the 
CNS and promotes differentiation and maturation of neuronal and glial cells. 
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The relevance of these vitamin D3-related mechanisms for the disease process of MS is 
reflected by several clinical observations. In genome-wide association studies, genetic 
polymorphisms of the CYP27B1 and CYP24A1 gene have been identified as risk-factor for 
MS[32]. Lower serum levels of 25(OH)D were found in sera of adolescents who developed MS 
in later life when compared to matched controls[39]. In patients with MS, a poor vitamin D 
status has been associated with a higher risk of relapses[41, 53, 413], and a higher EDSS-score[42, 

59], more depressive symptoms[52], a higher risk of MS-lesions on MRI[43, 53, 174]. Preliminary 
clinical studies did not reveal a reproducible reduction in relapses or MRI-activity of MS[93-

94, 179-180], yet results of larger clinical trials are being expected. Supplementation of high-
doses vitamin D3 in RRMS did reduce the proportions of IL-17 producing and CD161+ CD4+ T 
cells, with a reduced effector-memory proportion when compared to placebo treatment[97]. 
Likewise, we observed in high-dose vitamin D3-treated RRMS patients a preserved proportion 
of circulating IL-4+ CD4+ T cells, with a blunted increase of cytokines produced by activated 
T cells when compared to placebo treatment[82]. An earlier study reported a decreased 
proliferative response of T cells to myelin antigens in RRMS after high-dose vitamin D3 
supplementation[414]. Clinical trial data will show whether the subtle changes in immunological 
outcomes are reflected by an improved clinical outcome. 

In summary, vitamin D3-derived molecules originate from cholesterol, act on their specialized 
nuclear receptors and have both neuro- and myelinprotective and immune regulating 
properties. Neurons are protected and myelin repair may be promoted. Also, vitamin D3-
derived molecules influence immune responses by regulating cell differentiation, skewing 
them from a pro-inflammatory towards an anti-inflammatory cytokine profile, and by inducing 
regulatory T cells.  These cellular effects may result in beneficial effects of these molecules on 
the disease process of MS.

 

The classes of nuclear receptor ligands discussed above interact at multiple levels with each 
other. This is an important conceptual notion, since this interaction implicates that these 
nuclear receptor ligands act as an intertwined, integrated network rather that individual 
systems. Although the focus of this paragraph is on direct molecular interaction, the 
most illustrative textbook-knowledge support for this interaction are the effects of these 
molecules on calcium metabolism. Treatment with corticosteroids induces osteoporosis, 
and post-menopausal women have an increased risk of developing osteoporosis. A vitamin 
D3-deficiency also leads to a loss of bone mineral density, and vitamin D3 supplementation is 
one of the cornerstones in the treatment and prevention of osteoporosis. Interaction at the 
molecular level is also well known. Already in early work on the effects of corticosteroids on 
lymphocyte proliferation, an interaction with progesterone and cortisol has been reported[361].

Several lines of evidence suggest an interaction between vitamin D3 and sex-steroids. A 
seasonal variation of testosterone and LH levels has been described in healthy young males, 
with a peak at summer[415]. Treatment with 1,25(OH)2D3 induces AR expression in a prostate 



122
Chapter 6 - Vitamin D and the network of nuclear receptor ligands in multiple sclerosis: a review Chapter 6 - Vitamin D and the network of nuclear receptor ligands in multiple sclerosis: a review

cancer cell line[416]. In VDR-knockout mice, decreased gene expression of aromatase with 
normal expression of ER was found, with elevated serum LH and FSH levels[417]. This coincided 
in female mice with uterine hypoplasia and impaired folliculogenesis, and in male mice with 
decreased sperm count and motility with abnormalities of the testis. Also, 1,25(OH)2D3 
induced expression of aromatase gene (CYP19) in human glioma cells, human osteoblasts, 
MG-63 cells, and prostate cancer cell lines, but not in neuroblastoma and breast cancer 
cells[418-421]. vitamin D3 supplementation by diet also increased circulating estradiol levels 
in (ovariectomized) female mice[207]. The other way around, it is well known that pregnant 
women (with high circulating levels of estrogen and progesterone) are at risk for having a low 
circulating level of 25(OH)D[422], but higher levels of 1,25(OH)2D possibly due to increased 
conversion to the active metabolite[423-425]. Differences in systemic vitamin D3 metabolism 
between male and female MS patients have been suggested[426]. In EAE, vitamin D3 significantly 
inhibits EAE in female mice, but not in male mice, and ovariectomy abrogates this protective 
effect[405]. The therapeutic effect of 1,25(OH)2D3 in EAE was also abrogated with the knockout 
of GPR30 (membrane estrogen receptor)[427]. This protective effect of female sex steroids 
might be due to an estrogen-mediated decrease of CYP24A1 and increase of VDR expression 
within the CNS[207]. Accordingly, estrogen treatment reduced CYP24A1 expression in male 
T cells and macrophages, and synergistically with 1,25(OH)2D3 increased the proportion of 
regulatory and IL-10-secreting T cells[428]. Increased VDR-gene expression in CNS tissue was 
shown in estradiol-treated ovariectomized female mice[207]. Additionally, induction of VDR and 
inhibition of CYP24A1 was also shown in splenic T cells[429]. The presence of a functional VDR 
was even mandatory for estradiol to treat EAE in this animal model[429]. Estrogen-mediated 
up-regulation of VDR was earlier shown in osteoblasts[430], duodenal and colon mucosa[431-432] 
and breast cancer cells[433]. Likewise, progesterone induced VDR expression in activated T 
cells in a dose-dependent manner, and progesterone and 1,25(OH)2D3 guided in concert T 
cells from a pro-inflammatory (Th1 and Th17) to a more regulatory profile[434]. A synergistic 
effect of 1,25(OH)2D3 and progesterone was also observed in the prevention of glutamate-
induced cell death in primary cortical neurons in vitro as well as in vivo after brain injury in 
rats[435-437]. 

Specific interactions between corticosteroids and sex steroids also have been described. 
In human glioma, human osteoblasts, MG-63 cells, prostate cancer cell lines and mouse 
hypothalamic cell lines, but not in neuroblastoma and breast cancer cells, dexamethasone 
and mifepristone induced expression of aromatase gene[418-421]. In hypothalamic neurons, 
a glucocorticoid response element was shown in the promoter region of the aromatase 
gene[421]. Alternatively, sex-steroids also modulate the HPA-axis. Females have higher CRH-
levels in the hypothalamus than males, and treatment of ovariectomized rodents with 
estradiol also increased CRH levels[438-441]. Alternatively, orchidectomy in male rats increased 
hypothalamic CRH levels, which was reversed by testosterone treatment[442-443]. Likewise, the 
human CRH promotor contains response elements for both androgens and estrogens, and 
androgens repress CRH promotor activity, whereas estrogens promote CRH synthesis[444-445].
Also interactions between glucocorticoids and vitamin D3 have been reported. Treatment 
with dexamethasone increased VDR expression in squamous cell carcinoma cells[446] and 
adipocytes[447]. Additionally, dexamethasone treatment induced up-regulation of CYP24A1 in 
murine kidney and in kidney cell lines, and in osteoblasts[448-449]. In the CNS the interactions 
seem to be dependent on the amounts of glucocorticoids present. Treatment with high doses 
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of dexamethasone reduced expression of VDR, CYP27B1 and CYP24A1 in rat prefrontal 
cortex and hippocampus, whereas expression of VDR in the prefrontal cortex was increased 
when supplementing low doses[450]. Conversely, glucocorticoid-mediated transcriptional 
activity upon dexamethasone signaling in hippocampal cells has been shown to be reduced 
by pre-treatment with 1,25(OH)2D3

[451]. In the CNS, most intense staining for VDR and 25(OH)
D 1α-hydroxylase was found in the human hypothalamus, including the PVN[403]. We showed 
that CRH-positive cells also immunostained for 1,25(OH)2D3 24-hydroxylase[54]. In hippocampal 
cell cultures, pre-treatment with 1,25(OH)2D3 inhibits dexamethasone toxicity[451]. Conversely, 
dexamethasone and 1,25(OH)2D3 both similarly abrogated age-related increased expression 
of pro-inflammatory cytokines, MHC-II expression and expression of stress-activated protein 
kinase, c-Jun N-terminal kinase, as well as caspase-3 and PARP[452]. Likewise, exposure of glia 
cell cultures to both dexamethasone and vitamin D3 blocked the lipopolysaccharide-induced 
increase of MHCII mRNA and IL-1β production. Dexamethasone and vitamin D3 seem to have 
synergistic effects on immune cells: DCs treated with both dexamethasone and 1,25(OH)2D3 
were most capable in reduction of pro-inflammatory cytokine release by antigen-specific T 
cells and promotion of regulatory T cells[453-455]. Also, the combination of dexamethasone and 
1,25(OH)2D3, synergistically skewed T cell differentiation towards a more anti-inflammatory 
profile[456], including increased IL-10 production[456-457]. 

We discussed three groups of nuclear receptor ligands (sex-steroids, corticosteroids and 
vitamin D3), which have been associated with MS, and observed several similarities. They are 
all ligands of a nuclear receptor family-member. Their receptors descend from an ancient 
common progenitor. They are all metabolized from cholesterol following similar metabolic 
pathways involving mainly CYP450-superfamily enzymes and, for vitamin D3, sunlight. They all 
have receptors that are expressed by key-players in the disease process of MS, being myeloid 
cells, lymphocytes, glia cells and neurons. Dependent upon stimulus and concentration, pro-
inflammatory roles have been attributed to all of them. However, they all result in suppressed 
activation of the adaptive immune response when induced in vitro or in animal models of 
(neuro)inflammation. Enzymes and receptors of all have been associated to be differentially 
expressed in the context of the neuropathology of MS. And lastly, (correlates of) all have been 
associated with clinical outcomes of MS and are either being used or are being investigated 
for the treatment of MS. Last, we discussed several studies showing an interaction between 
these molecules at the cellular level. 

The system of nuclear receptor ligands is very old, and has been argued to have in its most 
primitive appearance an a-specific role as sensor for signals from outside the organism to 
adapt its behavior to these signals[275-277]. Although different specialized receptors for specific 
ligands appeared during evolution, the similarities between the effects of these ligands on 
specific cell types show a common pattern possibly reflecting this fundamental role of nuclear 
receptors. Intriguingly, the ligands for which specialized nuclear receptors appeared reflect 
some of the most fundamental developmental/ behavioral characteristics of organisms. 
The HPA-axis facilitates the flight-or-fight reaction, as pointed out by the earliest pioneer 
investigators of this system. The sex-hormones facilitate response to sexual maturation and 
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procreation. vitamin D3 status is responsive to the environmental supplies of sunlight and to 
season, and to the availability of vitamin D3 and calcium from the diet. Although differences 
between the effects of individual nuclear receptor signaling can also be identified, similarities 
appear more prominent. Taken together, the ligands discussed in this review down-tune 
inflammatory reactions of the adaptive immune response. Furthermore, both neuronal and 
glial cells are guided to a less inflammatory state, and mechanisms to maintain integrity of 
cells and networks are promoted. We speculate that nuclear receptor ligands contribute to 
an integrated signaling network which enables an organism to adapt to situations in which it is 
not favorable to spend too much energy, mounting an extensive adaptive immune response, 
or alternatively allow the adaptive immune response to be mounted when beneficial (Figure 
2). The same may account for the effort spent in restoring or developing the CNS, rather than 
conserving its current state. In the case of corticosteroids, it is conceivable that exposure 
to acute stressors may require an organism to spend all available energy in acute survival 
mechanisms. Additionally, the diurnal fluctuation of cortisol may direct the momentum of 
the adaptive immune reactions and neurodevelopmental mechanisms to nocturnal periods, 
when much energy is available[458]. For the sex-steroids, limiting the adaptive immune 
response against the plethora of non-self-antigens in the womb during pregnancy is highly 
beneficial for reproduction[459]. 

For androgens, when the focus of an organism is on procreation and androgen levels peak, 
an adaptive immune response and neurodevelopment can also be postponed to a later 
stage to optimize reproduction. Last, vitamin D3 exposure may provide a longer interval 
modulation, limiting the focus on these mechanisms to the winter months when general 
activity levels in many organisms are lower and several species enter a state of winter rest. It is 
also conceivable that in the latter timeframe more energy is available for neurodevelopment 
and adaptive immunity when compared to the summer months, when other activities need 
to be employed. The complex interaction of sex-steroids, corticosteroids and vitamin D3 
likely reflect the delicate balance between homeostasis and adaptation which is required 
by the different drivers of these individual nuclear receptor ligand systems. The relevance 
of this model for MS is mainly to understand the interaction between the nuclear receptor 
ligands and to translate this interaction to putative treatments in MS. Add-on effects can be 
speculated upon, as well as subgroups in which a specific treatment may be most beneficial. 

There are several limitations to the studies discussed. Although the focus of this paper is 
on the molecules presented above, the network of interacting molecular systems could be 
more complex. Besides the mentioned nuclear receptor ligands, there are other molecules 
known to act directly on nuclear receptors which may be relevant for the disease process 
of MS. Retinoic acid is a metabolite of .vitamin A, which is metabolized by activated immune 
cells and could play a role in inhibiting the cellular immune response and promoting blood 
brain barrier integrity[270]. In addition, numerous other nuclear receptors for a plethora 
of ligands have been shown to be involved in the immune response, including PPAR and 
LXR[269]. Next, the focus of our report is on brain and immune cells as they are relevant for the 
disease process of MS. A role of sex-steroids, corticosteroids and vitamin D3 has also been 
suggested in many other diseases, including other autoimmune diseases[460-461], cancer[462-464], 
and cardiovascular diseases[465-466]. Furthermore, effects of these nuclear receptor ligands 
have been described on numerous other cell-types, including muscle cells, heart cells, 
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osteoblasts, fibroblasts, and more. Therefore, the implications of the network of nuclear 
receptor ligands are likely to be wider than MS. Not only for the adaptive immune response, 
but for many physiological processes, the discussed molecules may tighten the premises of 
homeostasis that regulate adaptation to the challenges an organism faces. However, this 
notion is speculative and falls beyond the scope of this paper. 

In summary, sex-steroids, corticosteroids, and vitamin D3 are nuclear receptor ligands 
which are part of an intrinsic network, which is associated with several relevant MS related 
molecular mechanisms, experimental model outcomes, and clinical disease outcomes. This 
network-model calls for studies to better understand this interaction, in order to exploit it for 
a better treatment of patients with MS. 

Figure 2: Conceptual scheme for the integrated network of nuclear receptor ligands, to which the sex-steroids, 

corticosteroids and vitamin D3-derived molecules contribute. Sex-steroids, corticosteroids and vitamin D3 promote 

homeostasis in the adaptive immune response. Due to the dynamic fluctuations of these nuclear receptor ligands in 

response to time of the day, season, and fundamental characteristics of an organism, this network allows an organism 

to control energy input in the immune response. Mounting of an extensive adaptive immune response can be limited 

to a profitable timeframe. 
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Patients with multiple sclerosis (MS) frequently report depressive symptoms, which have 
been associated with a poor vitamin D status. As the hypothalamus is able to respond to 
vitamin D and hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis is found in both 
MS and depression, we explored the effect of vitamin D3 supplements on circadian cortisol 
levels in a randomized controlled trial. Female patients with relapsing-remitting MS received 
vitamin D3 supplements (4000 IU/day; vitamin D3 group; n=22) or placebo (n=19) during 16 
weeks. Salivary cortisol levels, repeatedly measured during the day, serum 25(OH)D levels and 
depression scores were assessed before (T0) and after (T1) this treatment period. Although 
comparisons within and between groups showed no effect on the area under the curve 
(AUC) and the slope of the cortisol day curve, the AUC of the cortisol awakening response 
showed a significantly larger reduction in the vitamin D3 group (39.16 (27.41 – 42.07) at T0 to 
33.37 (26.75 – 38.08) at T1) compared to the placebo group (33.90 (25.92 – 44.61) at T0 to 
35.00 (25.46 – 49.23) at T1; p= 0.044). Generally low depression scores did not significantly 
change upon vitamin D3 supplementation. Although no effect on day curve was observed in 
our cohort, the reduced cortisol awakening response may reflect suppression of HPA-axis 
activity by vitamin D3 supplements.
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In adaptation to the environment, the human body has developed complex integrated 
systems to protect itself against environmental threats, as is shown pre-eminently by the 
stress response. The physiological changes seen in the classic fight-or-flight response to a 
stressor are the result of activation of neuroendocrine and immune pathways, which includes 
activation of the hypothalamic-pituitary-adrenal (HPA)-axis. Several studies support a role 
for the HPA-axis in the development of depression[48, 467], but also in the disease process of 
multiple sclerosis (MS)[47], the prototypic inflammatory disease of the central nervous system 
(CNS). Moreover, there is a high life time prevalence of comorbid depression in MS, which 
is reported to be up to 50%[51, 468], and which may be related to either CNS inflammation or 
dysregulation of the HPA-axis[469]. 

Both in depression and in MS hyperactivation of the HPA-axis is observed[47-48], as demonstrated 
by elevated levels of cortisol[386, 470-472] and suppression and/or stimulation tests[234, 385, 387-388, 

473]. What underlies this increased activity of the HPA-axis in both disorders, and whether 
it is a cause or a consequence of depression, is yet unclear. Since cortisol is also a potent 
immunosuppressant, activation of the HPA-axis may be a compensatory mechanism to 
control inflammation. Furthermore, chronic activation of the HPA-axis may result from altered 
glucocorticoid responsiveness, either because of glucocorticoid resistance on immune cells 
or in the CNS[467]. However, hyper activation of the HPA-axis may also be a causative factor for 
depressive symptoms. As has been shown for pro-inflammatory cytokines, administration of 
glucocorticoids to rodents induces depressive-like behavior[474-475]. Furthermore, in patients 
with Cushing’s disease or syndrome depression rates of 50- 80% have been reported[476-477]. 
Therefore, high cortisol levels are thought to contribute to the development of depressive 
symptoms themselves, possibly by suppressing hippocampal neurogenesis[467], or by causing 
brain atrophy as a result of reduced neurotrophic factor synthesis or enhanced glutamate 
action[478-479].

Vitamin D is considered to play a role in both depression and MS[44, 256], and in MS we previously 
observed a negative correlation between vitamin D status and depression scores[52]. Vitamin D, 
structurally and functionally related to cortisol (chapter 6), has immune regulatory properties[46]. 
Increasing the available levels of vitamin D therefore may help to reduce inflammation and/or 
depression in MS. Thus far, however, data from association and supplementation studies with 
respect to vitamin D and depression have been inconsistent and inconclusive, also in MS[52, 246]. In an 
exploratory study we did not observe a beneficial effect of high-dose vitamin D3 supplementation 
on symptoms and immunological biomarkers of depression in MS (chapter 5). However, we 
showed in a neuropathological study using immunostainings that human corticotropin-releasing-
hormone (CRH)-positive neurons in the hypothalamic periventricular nucleus (PVN), part of the 
HPA-axis, were positive for the vitamin D receptor (VDR) and vitamin D 24-hydroxylase (CYP24A1)
[54]. This suggests that vitamin D may directly suppress the activity of the HPA-axis, which may be 
an underlying mechanism by which vitamin D ameliorates depressive symptoms or depression 
in MS. To test this hypothesis, we explored the effects of vitamin D3 supplementation on the end 
product of the HPA-axis in patients with relapsing remitting MS (RRMS). 
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Study design and setting

This was a multi-center, randomized, double-blind, placebo-controlled study. Recruitment 
and study visits took place in three hospitals in the Netherlands (Zuyderland Medical Center, 
locations Sittard and Heerlen, and Canisius Wilhelmina Hospital (CWZ)) between October 
2014 and November 2016. The study, with the amendments, was approved by the local 
ethical research committee ‘METC-Z’ (NL45995.096.14/14-T-75), and written informed 
consent was obtained from all study participants. The trial was registered on ClinicalTrials.
gov (NCT02096133) and EudraCT (2014-000728-97). The study was performed in accordance 
with the Declaration of Helsinki and guidelines for Good Clinical Practice[480]. 

Participants

All participants were female patients with relapsing-remitting MS (RRMS), according to 
the McDonald criteria[481]. Other inclusion criteria were age >18 years, and treatment with 
injectable or oral disease modifying drugs (DMD; initially interferon-beta and glatiramer 
acetate; later also dimethyl fumarate, teriflunomide or fingolimod due to low inclusion rates) 
or no DMD treatment, without changes in therapy in the last 3 months. Also, participants had 
to be premenopausal with a perceptible menstrual cycle. Oral contraception was allowed. 
Exclusion criteria were all contraindications for vitamin D supplementation according 
to summary of products of the study medication, relapse within 6 weeks prior to study 
initiation, use of systemic glucocorticoids within 8 weeks prior to study initiation, use of 
vitamin D supplements >1000 IU/day, current (treatment for) major depression, pregnancy 
and glucocorticoid treatment for relapses during the trial. 

Intervention

Participants were randomly allocated in a 1:1 ratio to either of the intervention groups, being 
the vitamin D3 group or the placebo group. Participants allocated to the vitamin D3 group 
received cholecalciferol drops (Vigantol Oil, Merck, Darmstadt, Germany) dosed at 4000 
IU/day and patients in the placebo group received drops containing only medium-chain 
triglycerides (Merck) as an additive to ongoing other therapies. Physical appearances of the 
solutions and packages were identical, and labeling performed by the Zuyderland pharmacy 
was such that the blinded nature of the trial was protected.

Randomization

Stratified random sampling was performed by the Zuyderland pharmacy using a predefined 
blocked randomization list (Sealed Envelope Ltd.; blocks of 4), and participants were 
stratified by EDSS (≤3.5 or >3.5) and depression scores (<3, 3-6, 6-9, or >9). Only the staff of 
the pharmacy, not directly involved in the trial conduct, had the stratification-randomization 
scheme. Study personnel, participants and care providers were blinded to the study 
interventions. 
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Outcome variables

The primary outcome of this study was the change in the area under the curve (AUC) of the 
cortisol day curve (CDC) between the two intervention groups. Secondary outcomes were 
changes in slope of the CDC, the AUC of the cortisol awakening response (CAR), depression 
scores and safety parameters.  Depression scores were obtained by the Hospital Anxiety and 
Depression Scale (HADS), of which the depression subscale (HADS-D) was used. Furthermore 
the Fatigue Severity Scale (FSS) was used, to be able to correct for confounding.

Study visits were performed at baseline, at 8 and at ±16 weeks (depending on the menstrual 
cycle: 14.3 – 22.4 weeks). All study initiation and termination samplings and visits were 
planned 2-5 days after start of the menstrual phase or at day 2-5 of the pill free week, 
since sex hormones may interact with both cortisol and vitamin D[482] (chapter 6). At these 
moments, saliva sampling, neurological examination and fill-out of questionnaires were 
performed. Blood and urine was obtained at all study visits.

Laboratory assays

HPA- axis

Activity of the HPA-axis was assessed by analyzing the CDC and the CAR. Hereto, saliva was 
sampled direct upon wakening followed by samples every 15 minutes during 1 hour (CAR) 
and at 11 am, 3 pm, 8 pm and 10 pm (CDC; 9 samples in total), on two consecutive days. Saliva 
was collected in Salivettes® Cortisol (Sarstedt, Nümbrecht, Germany) and after centrifuging 
(1000G, room temperature, 2 minutes) stored at -20°C until cortisol analyses were performed 
at the end of the study. Cortisol levels were measured by liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) as described previousl[483].

Safety and efficacy

At each study visit calcium, albumin, and creatinine concentrations in blood were measured. 
Also, the molar calcium:creatinine urinary concentrations were determined, and considered 
abnormal if >1.0 (Kimball 2007 Am J Clin Nutr). Analytes were measured on routine clinical 
chemistry analyzers (Beckman DXC880i, Beckman Coulter, Woerden, the Netherlands; Cobas 
8000, Roche Diagnostics, Mannheim, Germany). Serum samples were stored at -80°C in 
which 25(OH)D levels were measured at the end of the study using LC-MS/MS as described 
previously[484].

Statistical analyses

The initially projected sample size was calculated based on findings from Gold et al.[240], 
showing a significant difference in AUC of cortisol day curves between RRMS patients with 
and without comorbid depression. Due to inclusion difficulties, the aimed number of 80 
participants (2x n=40 with expected 20-25% loss to follow-up, i.e., n=32 in each arm) was 
not achieved, and the target of the study was adapted to allow an explorative analysis of the 
earlier mentioned endpoints. Due to non-normal distributions continuous data are provided 
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as medians with 25th – 75th percentile ranges (Q1 – Q3). Categorical data are provided as 
n (%). Comparisons of continuous variables between groups were performed using Mann-
Whitney U tests for unpaired data, and within group comparisons were performed using 
Wilcoxon signed-rank tests for paired data. Cortisol values were averaged for corresponding 
sampling times on the 2 consecutive days, and log transformed for assessment of circadian 
slopes. For each individual AUCs for the CDC and CAR were computed using trapezoidal 
estimation, and the slope of the CDC was computed using linear regression, using GraphPad 
Prism version 5 (GraphPad Software Inc., La Jolla CA, USA). To compare changes in HADS-D 
over time between groups, corrected for fatigue, ANCOVA tests were performed with week 
16 data as dependent variable, trial medication as fixed factor and baseline data and FSS 
as covariates. A p-value <0.05 was considered statistically significant. All statistical analyses 
were conducted with SPSS version 23.0 (IBM Corp., Armonk, NY, USA).

A total of 43 participants completed the study, of which 23 were allocated to the vitamin D3 
group and 20 to the placebo group. Two participants, one participant in each group, were 
excluded from further analyses due to glucocorticoid treatments because of relapses, as 
shown in the study flow diagram (Figure 1). Baseline characteristics of the remaining 41 
participants were similar between the two groups (Table 1).

Efficacy and safety of vitamin D3 supplements

The group of participants which received vitamin D3 supplementation showed a significant 
increase in serum 25(OH)D levels at T1 (139.9 (123.5 – 161.2) nmol/L) compared to T0 (85.0 
(71.3 – 110.5) nmol/L; p<0.001), whereas they slightly declined within the placebo group 
(77.5 (67.9 – 95.2) to 74.5 (58.6 – 88.1); p=0.028; Figure 2A+B). This resulted in a significantly 
higher median serum 25(OH)D level in the vitamin D3 group at T1 (p<0.001) and the difference 
in change was significant between groups (p<0.001; Figure 2C). Furthermore, at T1 none of 
the participants in the placebo group had 25(OH)D levels >100 nmol/L, in contrast to 82% of 
the vitamin D3 group (Figure 2D).

In each group one relapse occurred. Five participants had increased spot urine 
calcium:creatinine ratios at the interim visit, with 3 of them in the placebo group; all had 
normalized at the end of trial visit. No cases of hypercalcaemia were observed, and the one 
patient with abdominal pain and hematuria suspected for a renal stone was in the placebo 
group. The frequency of other adverse events, particularly infections, was similar in the two 
groups. 

Vitamin D3 supplements do not suppress cortisol day curves, but the cortisol awakening 
response evolved differently between treatment arms

The primary outcome, AUC of the CDC, did not differ between groups at T1. Although there 
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Figure 1. Flow diagram of the study process. MP=methylprednisolone
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Vitamin D3 Placebo
Number of patients 22 19

Age (years); M (Q1 – Q3) 38.6 (28.0 – 45.0) 35.1 (33.0 – 45.0)

RRMS duration (years); M (Q1 – 
Q3) 3.8 (2.8 – 11.4) 5.4 (1.2 – 7.9)

Relapses in last year, n (%)
0
1
2

18 (82%)
3 (14%)
1 (5%)

14 (74%)
4 (21%)
1 (5%)

Duration since last relapse 
(years); M (Q1 – Q3) 2.8 (1.2 – 4.9) 2.6 (1.0 – 5.3)

EDSS score M (Q1 – Q3) 2.0 (1.4 – 2.0) 2.0 (1.0 – 2.5)

HADS-D score; M (Q1 – Q3) 2 (1 – 5) 2 (1 – 4)

25(OH)D (nmol/L) ; M (Q1 – Q3) 85 (71 – 111) 78 (68 – 95)

Treatment, n (%)
No DMD
Interferon-bèta
Glatiramer acetate
Dimethylfumarate
Teriflunomide
Fingolimod

3 (14%)
10 (45%)
0 (0%)
1 (5%)
2 (9%)
6 (27%)

1 (5%)
9 (47%)
2 (11%)
5 (26%)
0 (0%)
2 (11%)

Vitamin D supplements, n (%)
<400 IU/day
400-800 IU/day
800-1000 IU/day
1000 IU/day

6 (27%)
1 (5%)
12 (55%)
3 (14%)

2 (11%)
3 (16%)
10 (52%)
4 (21%)

OC use, n (%)
Yes
No

14 (64%)
8 (36%)

7 (37%)
12 (63%)

Season of start, n (%) 
Summer (Apr – Sep) 
Winter (Oct – Mar)

9 (43%)
13 (57%)

11 (58%)
8 (42%)

Follow-up (weeks); M (Q1 – Q3) 16.4 (16.0 – 17.8) 16.0 (15.4 – 16.9)

M= median; Q1 – Q3= 25th – 75th percentile; RRMS = relapsing remitting multiple sclerosis; EDSS= expanded disability 

status scale; HADS-D = Depression subscale of the hospital anxiety and depression scale; DMD = disease modifying 

drugs; OC = oral contraception.

Table 1: Baseline characteristics
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was a trend towards a larger AUC of the CDC in the vitamin D3 group (13.11 (9.24 – 15.05)) 
compared to the placebo group (10.14 (8.49 – 13.34); p=0.074) at T0, changes over time were 
not significant within or between groups (Table 2; Figure 3A+B). Also slopes of the CDC did 
not differ significantly between or within groups. Within the vitamin D3 group, however, there 
was a trend towards a decrease of the AUC of the CAR (39.16 (27.41 – 42.07) at T0 to 33.37 
(26.75 – 38.08) at T1; p=0.095; Figure 3C), which resulted in a significant T1-T0 difference 
between the groups (p=0.044).

Depression scores were similar between treatment arms

HADS-D scores for depressive symptoms were low in both groups, without significant 
differences between groups at both T0 and T1, and did not significantly change over time 
(Table 3). Also fatigue scores showed no differences within or between groups, and did not 
affect the influence of the interventions on HADS-D scores using an ANCOVA model. 

Figure 2. Effect of vitamin D3 supplements on serum 25(OH)D levels. A) Within group comparisons of serum 

25(OH)D levels at T0 (baseline) and T1 (week 16) in the vitamin D3 group (n=22), B) Within group comparisons of serum 

25(OH)D levels at T0 and T1 in the placebo group (n=19), C) Between group comparisons of the serum 25(OH)D level 

differences between T1 and T0. D) Group comparisons of serum 25(OH)D levels < and > 100 nmol/L at T0 and T1.

A B

C D
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Figure 3. Effect of vitamin D3 supplements on HPA-axis activity. Within group comparisons of the cortisol day curves at T0 

(baseline) and T1 (week 16) in the vitamin D3 group (A; n=21) and in the placebo group (B; n=19), and within group comparisons 

cortisol awakening responses at T0 and T1 in the vitamin D3 group (C; n=22)  and in the placebo group (D; n=19).

A B

C D
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Vitamin D3 (n = 22) Placebo (n = 19)

T0 
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

P-
value

T0
M (Q1 – 
Q3)

T1
M (Q1 – 
Q3)

P-
value

P-
value*

HADS-D
Score

2.0 
(1.0 – 5.0)

2.0 
(1.0 – 5.0)

0.662 2.0 
(1.0 – 4.0)

3.0 
(1.0 – 4.0)

0.904 0.714

FSS
score

5.0 
(3.7 – 5.8)

4.6 
(3.9 – 6.1)

0.578 4.3 
(3.8 – 5.8)

4.3 
(3.4 – 5.2)

0.255 0.946

Vitamin D3 (n = 22) Placebo (n = 19)
T0 
M (Q1 – Q3)

T1
M (Q1 – Q3)

P-
value

T0
M (Q1 – Q3)

T1
M (Q1 – Q3)

P-
Value

P-
value*

AUC 
of
CDC 

13.11 
(9.24 – 
15.05)

11.4 
(9.21 – 
14.04)

0.357 10.14 
(8.49 – 
12.34)

9.92 
(7.93 – 
12.04)

0.344 0.915

Slope 
of
CDC

- 0.23 
(-0.27 – 
- 0.19)

- 0.26
(- 0.28– 
- 0.23)

0.159 - 0.24 
(- 0.29 – 
- 0.18)

- 0.23 
(-0.29 – 
- 0.20)

0.778 0.347

AUC 
of
CAR

39.16 
(27.41– 
42.07)

33.37 
(26.75– 
38.08)

0.095 33.90 
(25.92 – 
44.61)

35.00 
(25.46– 
49.23)

0.260 0.044

Table 3. Within and between group comparisons for depression and fatigue scores

AUC=area under the curve; CDC= cortisol day curve; CAR= cortisol awakening response; T0= baseline; T1= week 16; M 

= median; Q1 – Q3= 25th – 75th percentile.

Table 2. Within and between group comparisons for circadian cortisol levels

T0= baseline; T1= week 16; HADS-D= depression subscale of the Hospital Anxiety and Depression Scale; FSS= fatigue 

severity scale.
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In this exploratory randomized controlled trial among female patients with RRMS we assessed 
the effects of vitamin D3 supplements on the activity of the HPA-axis, as well as on symptoms 
of depression. In both groups there were no significant changes in primary outcome salivary 
cortisol levels across the day, but a larger reduction in morning cortisol levels was observed 
in the vitamin D3 supplemented compared to the placebo group. 

Associations between vitamin D and depressive symptoms, as well as an effect of vitamin D 
supplementation on depressive symptoms, have been investigated in many studies and in 
a variety of disorders and demographic cohorts, with variable results. In MS, we observed 
associations between depressive symptoms and 25(OH)D levels[52, 246], raising hope for a 
beneficial effect of vitamin D supplements in this particular disease. Despite well-known 
immune regulatory properties of vitamin D, we previously did not observe an effect of vitamin 
D supplements on depression related immunological outcomes in non-depressed MS 
patients (chapter 5). However, as vitamin D3 supplementation significantly reduced cortisol 
awakening responses compared to placebo, our current findings support a role for vitamin 
D in HPA-axis regulation, which has been suggested as another biomarker for depression in 
MS. Previous studies have been suggesting interplay between vitamin D and glucocorticoids 
in the CNS of rats[450-451]. Furthermore, we observed VDR and CYP24A1 expression in CRH 
neurons of MS patients using immunohistochemistry[54], indicating responsiveness to and 
enzymatic conversion of vitamin D metabolites in these neurons. Influence of vitamin D on 
the HPA system could contribute to the association between depressive symptoms and 
25(OH)D levels in MS, rather than the impact of vitamin D on the immune system. This is in 
line with the results of Gold et al.[240], showing that not the production of pro-inflammatory 
cytokines, but HPA-axis activity predicted depression scores.

In our study, a reduced CAR was the main HPA-axis related outcome associated with 
vitamin D3 supplementation. The CAR is considered to reflect the response of the HPA-
axis to awakening in order to prepare for the challenges of the day[485-486]. A high CAR has 
been shown to be an important predictor of depressive episodes[487-488], and also has been 
associated with depression in MS[489]. However, depending on the severity of the depression, 
both higher and blunted CAR have been associated with depression[490]. In particular if CAR 
is represented as AUC, an inverted U shaped relationship between CAR AUC and depression 
has been described. As compared to healthy controls, mild depression results in unaffected 
CAR AUC, moderate depression in increased CAR AUC, and severe depression in reduced 
CAR AUC[490-492]. Taking into account that our patient cohort generally had low depression 
scores, it is interesting that vitamin D3 supplements in this cohort resulted specifically in a 
larger reduction in CAR AUC as compared to placebo. Therefore, vitamin D3 supplements 
may lower the risk for depression in patients with MS. Our results did not show a vitamin D 
effect on AUC or slope of the cortisol day curve, which showed in an earlier study an increase 
and flattening, respectively, in patients with RRMS with comorbid depression compared to 
patients with RRMS without depression[240]. 
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In line with our earlier RCT with (high-dose) vitamin D3 supplements (chapter 5), our data 
do not support an effect of vitamin D supplements on symptoms of depression in non-
depressed patients. Since both studies did not include patients with a major depressive 
episode, conclusions on a therapeutic effect of vitamin D supplements on depressive 
symptoms in these patients cannot be drawn from our data. The associations we and others 
found between 25(OH)D levels and depression scores in everyday MS populations without 
manifest depression may be driven by the patients with the highest depressive symptoms 
scores[52, 246, 493]. Alternatively, it may be that particularly patients with low 25(OH)D levels 
benefit from supplements. Compared to the populations in previous studies, median 25(OH)
D levels were rather high, since low-dose vitamin D supplementation is clinical practice in 
our MS center. Still, in both of our supplementation studies there were marked increases 
in 25(OH)D levels, which resulted in serum 25(OH)D levels >100 nmol/L in the majority of 
participants. Serum 25(OH)D levels above this threshold have been associated with better 
MS disease outcomes, based on which recently supplementation recommendations have 
been formulated by the ECTRIMS workshop group[494]. A dose response relationship between  
vitamin D3 and depressive symptoms in MS remains a subject of further studies.

Independent from depression, hyper activation of the HPA-axis has been observed in 
MS (3,48). This has been assessed mostly by the dexamethasone suppression test often 
followed by CRH-stimulation (Combined Dex/CRH-test)[385, 388], or post-mortem assessments 
of hypothalamic CRH-neurons[495-496]. These methods have shown increased HPA-activity in 
progressive MS, but not or less pronounced in RRMS[385, 388]. However, increased CAR has 
been observed in RRMS, but not or less pronounced in progressive MS[472, 497]. Intriguingly, 
increased CAR in RRMS has been associated with increased disability progression[497], which 
makes this a relevant outcome to be suppressed by vitamin D3 supplements. 

This study has several limitations. First, due to difficulties with inclusion, we did not achieve 
the originally projected sample size (41 out of 64). Although no clear effects were present 
for AUC and slope of the CDC comparing the groups, the final sample size may have been 
too small to detect small but significant effects of vitamin D3 supplementation. Second, 
the participants in this study were not suffering from a major depressive episode. Third, 
a poor vitamin D status was not an inclusion criterion. However, 25(OH)D levels to aim for 
with supplementation may be above the physiological range. Strengths of the study are 
the randomized controlled design and the standardized measurements. We only included 
female pre-menopausal patients, and all measurements were performed in a standardized 
phase of the menstrual cycle, minimizing influence of hormonal status.
 
Altogether, our study did not demonstrate an effect of vitamin D3 supplements on the area 
under the curve and the slope of the cortisol day curve, and on depressive symptoms, in 
female RRMS patients. Since these effects may be found in more severely depressed patients, 
other studies need to assess whether there is a beneficial effect of vitamin D3 supplements 
in manifest depression and/or in patients with a poor vitamin D status. However, a reduced 
cortisol awakening response was observed in the vitamin D3 supplements arm relative to 
the placebo arm, which may indicate a suppression of a relevant outcome measure of HPA-
activity by vitamin D3 supplements in MS. This effect on CAR could be relevant for prevention 
of depressive symptoms or disease progression in RRMS, yet calls for confirmatory studies. 
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The scientific focus on vitamin D has tremendously increased in the past decades, with 
encouraging findings in multiple sclerosis (MS) research. The first evidence supporting a role 
for vitamin D in the development and the clinical course of MS origins from epidemiological 
studies, showing associations between vitamin D status and MS risk and clinical outcomes. 
Initial causal evidence was obtained from experimental studies with animal or in vitro models, 
supporting also the hypothesis for the role of vitamin D in regulation of immunological 
activity in MS. These experimental studies were encouraging, but not yet convincing. Today, 
however, previous associations have also been identified as causal by evidence from vitamin 
D supplementation trials and recent randomized controlled trials (RCT) in patients with MS, 
including the SOLAR trial[95, 181]. SOLAR is the largest RCT with vitamin D3 in MS thus far and is 
the European parent trial of the Dutch SOLARIUM[82], which provided most data in this thesis. 
In the SOLAR trial 229 interferon-β1a treated patients participated, of which 113 received 
high-dose vitamin D3 (14000 IU/day) and 116 received placebo. Although significane for the 
primary endpoint, the proportion of patients with ‘no evidence for disease activity’ (NEDA), 
at week 48 was not reached, a point-estimate of 30% relapse rate reduction hinted towards 
benefit. This was further supported by a significant reduction of several MRI-parameters 
in the vitamin D3 supplemented patients compared to the placebo group[95]. Therefore, 
although SOLAR is not a conclusive trial, MRI data showed a convincingly more favorable 
profile in the vitamin D3 arm. Also other, smaller, RCTs have shown better MRI outcomes 
in vitamin D3 supplemented groups[94, 498]. However, as for the SOLAR, these trials failed 
to reach significance on relapse rates, because of unexpected well courses of the control 
groups and/or relatively small sample sizes compared to the extensive sample sizes in 
studies on new MS disease modifying therapies. Nonetheless, the results from these ‘small’ 
RCTs assure the benefit of a higher 25(OH)D level in MS. 

Although clinical evidence is accumulating, many questions with respect to the impact of (a 
lack of) vitamin D on the disease and the underlying mechanisms are still to be answered. 
In this thesis we aimed to answer some of these questions. Because several factors have 
been proposed to influence immune dysregulation in MS, which may be influenced by or 
interact with vitamin D, our studies explored a wide range of immunological aspects in MS. 
Furthermore, we used RCT data in order to investigate causality of previously observed 
associations by our research team of the Academic MS Center Limburg. This chapter 
elaborates on the results from the studies presented in this thesis, summarized in the boxes, 
which are discussed in the context of previous work of our research team. The chapter 
concludes with directions for future research.

In MS, relations between vitamin D status and disease severity have been found, both in 
the sense of disease activity (i.e. relapses, MRI activity)[41, 43, 60, 413, 499] and disease progression 
(disability)[42, 59, 500]. Most associations have been found particularly in early relapsing remitting 
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(RR-)MS [41, 53, 413, 501]. Also in our studies data point at beneficial effects of vitamin D in this early 
phase. In one of the first studies of our team, with a cross-sectional design, an association 
between 25(OH)D levels and relapse-risk was found only in RRMS patients with a short 
disease duration (<5 years)[42]. Later, in a longitudinal study such an association was found 
only for the youngest quartile of patients[61]. Although disease duration did not significantly 
contribute to the model, it is likely that younger patients have a shorter disease duration. An 
adequate vitamin D status, therefore, may be important particularly in the early, active stage 
of the disease. Based on this hypothesis, the SOLAR RCT was conducted in patients with 
RRMS with a disease duration <5 years, indeed showing  the benefit of vitamin D supplements 
as add-on therapy to interferon-β1a on disease activity in early RRMS[95]. Far less evidence 
has been obtained showing a beneficial role in progressive MS. However, the severity of the 
disease activity in the earliest phase of RRMS is relevant for the subsequent disease course, 
as has been shown by studies on the natural course of MS; a higher number of relapses in 
the early phase of RRMS was associated with faster early disability progression, whereas 
relapses in established MS (after reaching EDSS 3) did not affect disability progression[57, 

502-504]. Findings with respect to vitamin D and disease progression also follow this pattern. 
In established MS, associations have been found between 25(OH)D levels and disability[42, 59], 
and secondary progressive MS (SPMS) patients were shown to have lower 25(OH)D levels 
compared to RRMS patients[42], but no convincing associations between 25(OH)D levels and 
disability progression have been found[59-61]. However, again only in early MS, in clinically 
isolated syndrome (CIS) patients, an association between low 25(OH)D levels and faster 
disease progression has been reported[53]. In line with this, we found that low 25(OH)D levels 
at MS diagnosis were associated with an earlier conversion from RRMS to SPMS (chapter 1, 
box 1). Later in the RRMS phase vitamin D status did not predict the 3-year conversion risk 
to SPMS anymore. Our results suggest that early intervention increasing 25(OH)D levels may 
not only suppress disease activity in the early phase, but may also prolong the RRMS phase. 
Prolongation of the (early) RRMS phase by vitamin D may have positive consequences for 
treatment, as most disease modifying drugs (DMD) only have been shown effective and have 
been approved for treatment in RRMS. So, early supplementation with vitamin D may nlarge 
the window of opportunity for effective treatment with other MS DMDs. This needs to be 
confirmed by long-term follow-up data on early vitamin D supplementation.

Box 1| Summary chapter 1: Vitamin D and the conversion to secondary 
progressive multiple sclerosis

We assessed whether vitamin D status influences the pace of disability progression 
in MS by the time to transition from RRMS to SPMS. In a longitudinal vitamin D study 
cohort, vitamin D status in patients with established RRMS (n=338) did not predict the 
risk of transition to SPMS within a follow-up of 3 years. However, when assessing vitamin 
D status at diagnosis in patients with SPMS and short RRMS phases (n=19), we found 
that they had a lower vitamin D status than matched RRMS patients with a longer RRMS 
duration (n=38). This suggests that a poor vitamin D status in early disease negatively 
influences disability progression of MS.
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The observation that vitamin D is particularly effective in early RRMS is not surprising, 
considering the immunomodulatory properties of vitamin D. Inflammation is most dominant 
in the early phase of RRMS, attenuating over time reflected by a decreasing relapse rate[6]. 
Vitamin D regulates immune responses in vitro, in animal models and in vivo studies in patients 
with different types of immune disorders[44, 505]. In MS, the positive immune regulating effects 
of vitamin D supplements also have been reported, by us and others[96-97, 506-507]. Several 
cell types respond to vitamin D, as has been described extensively in many reviews[45-46, 508]

(chapter 3). 

Our team initially focused on the regulatory T cell (Treg) as a potentially important target of 
vitamin D[45]. In an association study, the proportion of Treg did not correlate with vitamin 
D status in patients with early (<5 years) RRMS, but the suppressive capacity of Treg did[84]. 
This observation is in line with the reproducible reports of normal numbers of Treg, but an 
impaired Treg function in RRMS[23, 509]. Subsequently, in a pilot study with 12 weeks of high-
dose vitamin D supplementation (20 000 IU/day) in 15 patients with RRMS the proportion 
of Treg did not change. However, in contrast to our expectations the suppressive capacity 
of Treg did not significantly improve, but the proportion of T cells secreting the regulatory 
cytokine IL-10 (induced Treg) increased[507]. As this pilot study had no control group, the 
SOLARIUM study was its successor. SOLARIUM is a substudy of the SOLAR trial, designed to 
examine a broader but relevant variety in immune parameters, comparing effects of high-
dose vitamin D supplementation (14000 IU/day) to placebo[82]. This trial did not confirm 
previous findings with respect to induced IL-10+ Treg, and again proportions of (natural) Treg 
remained unchanged. Unfortunately, Treg suppressive capacity was not assessed in this 
study. However, we did assess the cell surface expression of CD25 on Treg in the substudy 
described in chapter 2 (box 2). CD25, also known as IL2Rα, is part of the high-affinity receptor 
for IL-2, which may be relevant for immune tolerance[77, 510]. Although no significant difference 
between groups was observed, reductions in CD25 cell surface expression (MFI) in Treg were 
more pronounced in the placebo group as compared to the vitamin D3 group. We replicated 
these findings using the cohort of the stress-axis study (chapter 7, box 6) as a validation 
cohort. Again significance was not reached for differences between groups, but reproductive 
in findings in separate cohorts is suggestive for an actual effect of vitamin D on Treg CD25 
cell surface expression. Treg are considered to largely depend on IL-2 for their survival and 
function and they constitutively express high levels of CD25[77, 511-513]. Therefore, a decrease 
in the membrane expression of this receptor may have negative consequences for Treg 
functionality. As mentioned, in the SOLARIUM study we did not perform functional assays to 
assess Treg suppressive capacity to support this hypothesis. However, in mice it has been 
shown that, although not required for thymic Treg development and induction of forkhead 
box P3 (FoxP3) expression[77], IL-2 was important for maintenance of functional Tregs[514-515], 
and for maintenance of FoxP3 expression[77, 98]. FoxP3 is well known for its association with 
immune suppressive function[99-100].
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Box 2| Summary chapter 2: Vitamin D and T cell related CD25 expression in 
multiple sclerosis

CD25 is an essential part of the high-affinity receptor for interleukin (IL)-2, which is 
important for cell survival and regulatory T cell (Treg) homeostasis. Vitamin D upregulates 
CD25 expression on total human CD4+T cells in vitro, but no distinction has been made 
between expression on regulatory or activated T cells. Using the SOLARIUM samples, 
we observed a decline in CD25 cell surface expression in regulatory T cells, but not 
conventional CD4+T cells, over 48 weeks in the placebo group (n=23). Expression 
remained rather stable in the vitamin D3 group (n=30). Additionally, we assessed CD25 
mRNA expression in PBMC and the level of soluble CD25 (sCD25) in plasma. vitamin 
D3 promoted CD25 mRNA expression in vitro, but no differences were found for CD25 
mRNA expression by PBMC directly ex vivo between the two intervention groups of 
SOLARIUM. However, for sCD25 in plasma a significantly larger reduction was found 
in the placebo group compared to the vitamin D3 group. Our data suggest that vitamin 
D3 supplements may interfere with the apparently dynamic complex network of CD25 
transcription, synthesis and shedding in vivo in MS, which may contribute to the net 
promotion of immunoregulatory mechanisms.

Indeed, along with the reductions in CD25 MFI, we have found more pronounced reductions 
of FoxP3 protein expression (MFI) in Treg cells in the placebo group as compared to the 
vitamin D3 group. These changes in Tregs over time in (early) RRMS reflect, and may as well 
contribute to, expanding immune disturbances. Interestingly, the extent of decline in CD25 
cell surface expression in Treg over time in the placebo group correlated with the 25(OH)D 
level at baseline. Also, vitamin D status was shown to correlate with CD25 mRNA expression 
in RRMS[80], and as mentioned before we previously found correlations between vitamin D 
status and Treg suppressive capacity[84]. Hence, our results support the idea that vitamin 
D is important for the maintenance of Treg function. The fact that no significant difference 
in Treg numbers or IL-10 production between the treatment groups was observed in the 
SOLARIUM study, does not exclude that Treg suppressive activity in MS is influenced via 
other mechanisms (i.a. release of granzyme B and/or perforin, APC inactivation)[516-517].

Our team not only studied Treg, but also examined effects of vitamin D on pro-inflammatory 
(IFNγ+, IL-17+, TNFα+ and GM-CSF+) and anti-inflammatory (IL-4+ and IL-10+) T helper cell 
subsets. In the association study the balance between the T helper cells producing IFNγ 
(Th1) and T helper cells producing IL-4 (Th2) correlated with vitamin D status [84], supporting 
the hypothesis of regulation of the T cell compartment by vitamin D. However, although in 
the pilot study the Th1/Th2 balance shifted towards a more anti-inflammatory profile upon 
vitamin D supplementation [507], the SOLARIUM results did not confirm a change in Th1/
Th2 balances[82]. It did, however, show minor effects on the IL-4+ T cell population, showing 
a decreased proportion of this anti-inflammatory subtype in the placebo group, while no 
change was observed in the vitamin D group. Also cytokine secretion by in vitro activated 
T cells altered over time in patients who received placebo, whereas secretion remained 
stable in the vitamin D3 supplemented patients. These results, together with the CD25 data, 
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therefore suggest that vitamin D3 supplementation does not improve immune regulation 
in vivo, but induces homeostasis and prevents further imbalances in adaptive immunity. 
Also, our results stress that the changes in the immune system in MS compared to healthy 
individuals do not only occur prior to the disease onset, but also afterwards, as seen by 
the progressive changes in T cell functionality in the placebo group. This may not be a new 
concept, but most of our current knowledge about immune parameters in MS is based 
on studies with a cross-sectional design, comparing parameters between MS and healthy 
volunteers/relapse and remission/MS subtypes at a certain point of time. Longitudinal 
studies investigating changes in immune parameters over time are scarce, and often 
examined changes upon start of therapy[518-519]. There are some studies showing fluctuations 
in T cell responses against myelin antigens[520-521], but much is unknown about the dynamic 
course of immune cells and responses in MS. Since relapses in the early stage of MS have 
been associated with faster disability progression, it is essential to understand the dynamics 
of the immune system in MS and to gain insight into the factors underlying the changes. As 
changes in T cell functionality were less pronounced in the vitamin D3 arm, stabilization of 
the immune system upon vitamin D in an early stage of MS may have positive consequences 
for the course of the disease. 

Besides the focus on T cells, we have also broadened our horizons by assessing B cells, the 
other major component of adaptive immunity. Also B cells have the machinery to respond 
to vitamin D[184]. B cells had been fallen a bit into oblivion, but since B cell depleting therapies 
(i.e. rituximab and ocrelizumab) have been shown to be effective in MS there is a renewed 
interest in B cells, as reviewed in chapter 3 (box 3). The stage of the disease in which B 
cells contribute to MS is not clear and several B cell functions may take part in the disease 
process, including antibody production, cytokine secretion and antigen presentation. The 
fact that the Epstein-Barr virus (EBV) infects and latently persists in (memory) B cells makes 
this also an interesting cell population to investigate. Several associations between EBV and 
MS risk have been reported, and EBV infection is considered to be a major environmental 
factor in the development of MS. Furthermore, EBV has been argued to cause abnormal B 
cell functionality[29-30, 35], and we have to realize that B cell depleting therapies also affect the 
host cells of EBV. All in all, these were reasons for us to explore whether vitamin D influences 
the B cell compartment. In an association study, vitamin D status of RRMS patients in relapse 
or remission did not correlate with the naïve/memory composition of B cells, based on 
their expression of IgD/CD27 or IgD/CD38 [159]. Also, no correlation with the proportion of 
regulatory B cells (Breg), producing IL-10 after 3 days of in vitro CpG stimulation, was found [159]. 
Furthermore, in the pilot study with high-dose vitamin D supplementation (20 000 IU/day) no 
effects on B cell numbers, naïve/memory subsets and plasma antibody levels (IgM, IgG and 
IgA) were observed [190]. Although not analyzed in the pilot study, Breg subsets, defined as IL-
10+CD19+CD3- after 3 days of stimulation with CpG or with a CD24hiCD38hiCD19+ phenotype, 
were analyzed in the SOLARIUM study, but did not show differences in the vitamin D3 group 
compared to the placebo group[82]. Therefore, our findings do not support an in vivo effect of 
vitamin D on the proportion of B cell subsets, total antibody production or induction of Breg.

Interestingly, in the pilot study a reduction was observed for antibody levels against the EBV 
nuclear antigen 1 (EBNA-1; an EBV latency protein), whereas total IgG levels remained the 
same[195]. With the SOLARIUM data we confirmed this finding: antibody titers against the 
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viral capsid antigen (VCA) of EBV and against the cytomegalovirus (CMV) remained stable, 
but a selective reduction in anti-EBNA-1 IgG was found in the vitamin D supplemented 
group (chapter 4, box 4). These are consistent findings, since also Røsjø et al. reported 
highly comparable results from their vitamin D supplementation trial[221]. These findings 
add evidence to the intriguing idea that there is an interaction between vitamin D and EBV 
in MS. Also, since lower anti-EBNA-1 antibody levels have previously been associated with 
less MS MRI activity[216-218], it is tempting to speculate that the reduction in anti-EBNA-1 
titers by vitamin D underlies the reduction in disease activity on MRI in the SOLAR trial. It 
most certainly raises questions, both old and new ones. Does vitamin D target EBV? If yes, 
how? And what do these findings tell us about the role of EBV in MS? Is EBV involved in the 
development and still active during the course of MS? Or do these findings support that 
anti-EBNA-1 producing B cells are pathogenic? Several association studies in MS and in EAE 
support the role for EBV, as a trigger for disease development[212], but many investigators still 
try to figure out whether, when, where and how EBV is contributing to the pathogenesis of 
MS[494]. Theories include molecular mimicry, superantigens, bystander damage, mistaken self, 
and infection of autoreactive B cells which produce autoantibodies[35-36, 522]. These theories do 
not all explain the initial development of CNS inflammation in MS. For instance the bystander 
damage theory requires the presence of EBV within the CNS, for damage to occur because 
of eradicating the virus, and it does not explain why this leads to MS in only a fraction of EBV-
infected people. Also, although the high number of cytotoxic CD8+ T cells may support the 
theory [25], findings with respect to EBV-infected cells in the CNS are still controversial[141-143]. 
The other theories rather assume that EBV may trigger activation of autoreactive T or B 
cells outside the CNS. Also, it is argued that EBV-infected B cells are capable of presenting 
soluble autoantigens[166, 523]. These may have drained from the CNS to cervical lymph nodes 
via lymphatic vessels [524-525]. Whether EBV infection initiates development of MS or whether it 
contributes in a secondary process (i.a. after epitope spreading), all of these theories suggest 
that a reduction in EBV-infected cells may ameliorate disease.

Several theories may explain the selective reduction in anti-EBNA-1 IgG upon vitamin D3 
supplements (Figure 1). In our exploratory studies, however, we did not find evidence for 
antigen-specific targeting of EBV by vitamin D. We did not find an increase in the proportion 
of EBV specific CD8+ T cells, which have recently shown to be functionally impaired in MS[526], 
nor a decrease in the EBV load in peripheral blood mononuclear cells in the vitamin D 
supplemented group, and therefore no evidence for a better elimination of EBV. However, we 
should bear in mind that we explored this in small sample sizes and only had excess to cells 
from the circulation in this study. We cannot exclude that EBV is eliminated from lymphoid 
tissue or the CNS. In the case that EBNA-1 specific B cells are autoreactive, or when at least 
anti-EBNA-1 antibodies are autoantibodies, a direct effect of vitamin D on the production 
of these antibodies may also explain disease improvement. In our exploratory studies, we 
confirmed the in vitro inhibiting effect of vitamin D on antibody production in general[184]. 
However, we were not able to detect anti-EBNA-1 IgG with our in vitro assays and to study the 
effect of vitamin D on its production specifically. Studies with for instance sorted and cloned 
B cells have to provide answers to this issue, although it may be unlikely that these EBNA-1 
specific B cells are more vulnerable to vitamin D than a random other antigen-specific B cell. 
Furthermore, in vitro findings do not always mirror the in vivo situation, as we have also seen 
for total IgG levels, which remained stable upon high-dose vitamin D supplementation[190, 195]. 
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Box 3| Summary chapter 3: Vitamin D and B cells in multiple sclerosis

From an immunological point of view a role of B cells in MS is increasingly recognized. 
B cell depleting therapies have been shown to be effective in MS, and B cells also are 
host cells for the Epstein-Barr virus (EBV), which is considered to be an important 
environmental factor involved in MS. Since most immunological effects of vitamin D have 
been described for T cells, we reviewed the literature on vitamin D effects on B cells. 
In vitro, vitamin D influences several of the B cell functions: plasma cell generation and 
subsequent antibody production is inhibited, expression of co- stimulatory molecules 
for antigen presentation is inhibited, and IL-10 production (regulatory B cell function) 
is promoted. In vivo, however, these findings have not been confirmed. We speculated 
that the differences may be explained by the presence of important structures for B 
cell immunity such as germinal centers and survival niches, or interaction with other 
immune regulatory components. Moreover, literature not only shows the influence of 
vitamin D and EBV on B cells separately, but also suggests interplay between the two 
factors with respect to B cell actions.

Box 4| Summary chapter 4: Vitamin D and the anti-EBV-response in multiple 
sclerosis

In this study we elaborated on the possible interaction between EBV and vitamin D. With 
the SOLARIUM data we confirmed previous findings that vitamin D3 supplementation 
selectively reduces antibody production against the EBV nuclear antigen 1 (EBNA-1). 
After 48 weeks, the anti-EBNA-1 antibody levels were significantly reduced within the 
vitamin D3 supplemented arm (n=30), which was not found for antibodies against viral 
capsid antigen (VCA) and cytomegalovirus (CMV), and which was not found in the placebo 
arm (n=23). In search for an underlying mechanism, we explored whether EBV-infected 
CD8+ cytotoxic T cells, EBV load, or in vitro anti-EBNA-1 antibody production by B cells 
was affected by vitamin D. In these exploratory studies, we did not find any leads for 
these potential mechanisms. Additional studies, probably using (animal) models, need 
to further unravel the mechanism.
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Figure 1: Hypothetical mechanisms for anti-EBNA-1 IgG reduction by vitamin D

The selective reduction of anti-EBNA-1 antibody levels by vitamin D3 supplementation may be the result of specific (A 

and B) or more general (C and D) effects on the immune system. A) Vitamin D may have direct effects on the antibody 

production by anti-EBNA-1 specific B cells, either by A1) inhibiting plasma cell generation, or by A2) reducing antibody 

secretion. B) Vitamin D may reduce the expression of the antigen EBNA-1 by reducing the number of EBV-infected 

cells, which can be A1) an indirect effect of vitamin D on enhancing CD8+ T cells killing EBV infected cells, or A2) a direct 

toxic effect on the infected cells. C) We speculate that vitamin D may have an effect on the plasma cells, and their 

anti-EBNA-1 production, within ectopic lymphoid follicles in the meninges of patients with RRMS. General reduction of 

inflammation will lead to degeneration of ectopic lymphoid follicles and plasma cells will die. D) Vitamin D may prevent 

further immune activation, preventing also mitosis of EBV-infected B cells, and as a result less EBNA-1 will be expressed.
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We described a theory in chapter 3 (box 3), based on in vitro and in vivo differences, which 
may explain the selective drop in anti-EBNA-1 IgG. We speculate that vitamin D may inhibit 
plasma cell generation also in vivo, as long as it takes place in ectopic lymphoid follicles (ELF) 
in meninges of MS patients. The likelihood for this explanation will increase when studies in 
healthy controls, not having ectopic lymphoid tissue, do not demonstrate the drop in anti-
EBNA-1 IgG levels upon vitamin D supplementation.

A reduction in anti-EBNA-1 IgG does not necessarily mean a reduction in possibly harmful 
EBV-infected cells or autoantibodies. Alternatively, the reduction in anti-EBNA-1 IgG may 
reflect optimized general immune regulatory mechanisms. Better control of inflammation 
will reduce cascades of immune cell activation and proliferation. This includes B cells, which 
may be infected with EBV. As EBNA-1 only is expressed during cell divisions[35, 527], reduced 
B cell activation and proliferation reduces the expression of EBNA-1 as a trigger for anti-
EBNA-1 responses. Furthermore, going back to the ELF-theory, vitamin D could suppress 
local inflammation in the meninges, resulting in destruction of survival niches in ELFs, which 
(theoretically) may accommodate anti-EBNA-1 plasma cells. In case the reduction in anti-
EBNA-1 IgG indeed reflects optimized general immune regulatory mechanisms, anti-EBNA-1 
IgG may function as a relevant biomarker for disease activity, as it does relate to MRI activity. 
This might be interesting for other diseases as well. In rheumatoid arthritis also associations 
with EBV infection have been found, and elevated anti-EBNA titers have been demonstrated 
in these patients as well[528]. Whether vitamin D supplements also reduce anti-EBNA-1 titers 
in RA remains to be examined.

Altogether, we have examined the effects of vitamin D in MS on a broad variety of immune 
parameters. Based on our results, we conclude that vitamin D induces immune homeostasis. 
However, we do not know the exact mechanism of action of vitamin D. This is largely because 
of the many gaps in the understanding of the disease process of MS, as described in the 
introduction. We are aware that we may not have analyzed the right immune cell subsets, 
the right parameters, or the right localization. First, with our studies we focused on adaptive 
immune cells, mainly on T cells, and did not assess effects on innate immune cells, such as 
dendritic cells or (regulatory CD56 bright) natural killer cells.

Obviously, effects of vitamin D on innate immune cells have also been described, for instance 
on IL-10 secretion by dendritic cells. However, ultimately, as MS is considered to be a T cell 
mediated disease, one would expect to see changes in the T cell compartment. Second, 
the assays used to detect changes in immune cells may influence the results, such as 
differences in the duration of stimulation of cells for cytokine detection: We did not find an 
effect of supplementation on the proportion of IL-17 producing cells after only 5 hours of 
PMA/ionomycine stimulation, whereas Sotirchos et al. in their RCT found a reduction in IL-17 
producing cells when stimulating cells for 5 days[97]. When stimulation of cells is used, one can 
also debate about pros and cons of antigen-specific versus polyclonal stimulation. We used 
polyclonal stimulations in our assays, both because of practical issues (less blood required) 
and because of a lack of information (we don’t know the target antigen). Third, for all of our 
studies we have used cells derived from peripheral venous blood. Other or more obvious 
effects of vitamin D may apply to immune cells in the CNS of the patients, or in lymphoid 
tissue. Finally, another reason for not finding clear immunological effects may be the patient 
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selection. Possibly only in patients with an insufficiency of vitamin D, or those with a sufficient 
increase in their 25(OH)D level, or a certain genetic/sex/age profile vitamin D effects may 
be observed, which is discussed in more detail in the future prospects paragraph. Though, 
we have shown that immunological effects of vitamin D in MS are subtle, but not absent in 
the circulation. Our studies have shown that vitamin D supplementation prevents changes 
in adaptive immune cells in MS, which are likely to contribute to the disease process. Our 
results point to a better maintenance of immune homeostasis by vitamin D. Whether this is 
sufficient for the control of CNS inflammation, or whether vitamin D exerts local CNS effects, 
remains to be elucidated. Furthermore, the effect of vitamin D on anti-EBNA-1 responses is 
at least fascinating. It will be interesting to further unravel the underlying mechanism, and to 
determine whether there actually is an interaction between vitamin D and EBV in MS.

Studies in non-MS populations have suggested that vitamin D insufficiency contributes 
to the development of the neuropsychological symptoms fatigue, cognitive dysfunction 
and depression[529-532]. These symptoms are very frequently reported in MS, are often 
highly disabling and highly affect quality of life. Underlying disease mechanisms for these 
symptoms are largely unknown, but for depression emerging data point to an aberrant pro- 
inflammatory response[50]. Individuals with increased inflammatory responses to psychosocial 
stressors have increased risk on developing depression[533-534], and patients with depressive 
symptoms have increased signs of inflammation, such as increased levels of the pro-
inflammatory cytokines IL-1β, IL-6 and TNFα [236-238]. Since elevated inflammatory responses 
may be essential in the development of depression, inflammation in MS might trigger the 
cascades for depressive symptoms, explaining the high life time prevalence of comorbid 
depression, which is reported to be up to 50%[51, 468]. Moreover, the observed associations 
between vitamin D status and depression development/severity could be explained by the 
role of (a lack of) vitamin D in immune regulation.

These were reasons for our team to examine the role of vitamin D in depression in MS. 
Indeed, also in MS a negative correlation between vitamin D status and depressive symptoms 
has been observed by us and others in cross-sectional studies[52, 493]. Furthermore, in 
a subsequent longitudinal study vitamin D predicted symptoms of depression, but not 
independently of sun exposure[246]. We hypothesized that if depression severity is actually 
related to vitamin D status, also in MS, we might observe a beneficial effect of high-dose 
vitamin D3 supplementation on depressive symptoms using the randomized placebo-
controlled design of the SOLARIUM (chapter 5, box 5). In this study, however, we did not 
find a difference in depression score changes after 48 weeks of supplementation between 
the vitamin D and the placebo group. Since the hypothesized mechanism of action was 
immune regulation, and biomarkers may be more sensitive reflections of biological effects 
when compared to clinical signs and symptoms, we also measured depression-related 
immunological parameters. However, these parameters also did not show changes 
indicating better regulation upon vitamin D supplementation. Therefore, this study does not 
provide evidence that vitamin D supplements ameliorate depression in MS, and made us 
question whether causality explains the association between vitamin D and depression. After 
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all, in the cross-sectional study, confounded by fatigue, vitamin D status did not contribute 
to depression scores in a regression model[52]. Furthermore, in the longitudinal study the 
relation between vitamin D status and depressive symptoms was observed only in patients 
with 25(OH)D levels >80 nmol/L, and, as mentioned, not independently of sun exposure[246]. 
However, it is important to note that the SOLARIUM was not designed to investigate the 
effect on depression scores as primary outcome measure, and limitations in the study design 
may have influenced the results. The majority of the patients in the study population already 
had low depression scores at the study baseline, leaving open the question whether vitamin 
D3 supplementation ameliorates manifest depression in MS. Furthermore, negative results 
with respect to immunological biomarkers may be due to the choice of these biomarkers, or 
because actual beneficial effects of vitamin D may take place within the CNS, as mentioned 
in the paragraph on immunological outcomes.

Alternatively, a lack of vitamin D may affect other systems than the immune system, 
resulting in depressive symptoms. There are several other theories for the development of 
depression, and therefore other biomarkers may show an effect of vitamin D supplements. 
Hyper activation of the hypothalamus-pituitary-adrenal (HPA) axis is a consistent finding in 
both depression and MS[47-48], showing also on this point overlap between both disorders. 
Interestingly, using immunohistochemistry, a high expression of the vitamin D receptor 
(VDR) and 1,25(OH)2D-24-hydroxylase (24-OHase) has been observed particularly in the 
hypothalamus[54]. Moreover, double stainings confirmed that also corticotropin releasing 
hormone (CRH)-positive neurons were positive for 24-OHase. As these neuroendocrine 
neurons are main regulators of the HPA-axis, these results suggested that vitamin D may 
directly regulate the activity of the HPA-axis. To assess whether vitamin D indeed influences 
the activity of the HPA-axis, we explored the effect of vitamin D supplements on the end-
product cortisol in female patients with RRMS (chapter 7, box 6). We did not observe an effect 
of supplementation on the area under the curve (AUC) of the cortisol day curve (CDC), or the 
slope of the CDC, which previously had been shown to be increased in comorbid depression 
in RRMS[240]. However, we did observe a larger reduction in the cortisol awakening response 
(CAR) in the vitamin D group compared to the placebo group. Therefore, these results 
support the idea that vitamin D is involved in HPA-axis regulation. Furthermore, increased 

Box 5| Summary chapter 5: Vitamin D and depression in multiple sclerosis

We explored the effect of vitamin D supplements on depressive symptoms in MS. 
Depressive symptoms are commonly reported by patients, may also be immune 
mediated and have been associated with vitamin D status. Depression (HADS-D) scores 
were available from 20 patients in each study arm of SOLARIUM. A significant HADS-D 
reduction within the vitamin D arm and a trend towards a reduction within the placebo 
arm was observed, which did not differ between groups. Also, vitamin D supplements 
had no beneficial effect on immunological biomarkers for depression: We observed no 
effect on TNFα/IL-10 ratios, in vitro secreted by LPS-stimulated PBMC, and no effect on 
IFNγ or TNFα producing CD8+ T cells. Since the study had certain limitations, additional 
studies need to assess whether vitamin D supplements are beneficial for manifest 
depression in MS.
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CAR has been associated with an increased risk on depressive episodes[487-488], so that a 
reduction in CAR upon vitamin D may prevent the development of depressive symptoms 
in MS. However, also in this study patients with manifest depression were not included, 
and depression scores were low and did not further reduce upon vitamin D supplements. 
Therefore, at this moment, it isnuncertain whether vitamin D supplements also can reduce 
symptoms in manifest depression via HPA-axis regulation, for which additional research is 
necessary. Future studies should probably also extend measurements with dexamethasone 
suppression tests (DST) with or without subsequent CRH-stimulation (combined Dex-CRH 
test), as these tests have been more widely used to assess HPA-axis activity in depressive 
disorders.

Besides the potential impact on depression that HPA-regulation by vitamin D may have, it 
may also have implications for MS in general. However, interpretation of results is difficult, 
because it is currently unknown what is causing the hyper activation in MS. It may either 
be caused by dysfunctional feedback because of accumulated deficits (neurodegeneration/
lesions), or it may be a compensatory response to immune activation [47], which may be 
maintained by glucocorticoid receptor resistance[535]. It has been argued that different 
aspects of HPA-activity are investigated by the Dex-CRH-test and circadian cortisol levels[497]: 
Abnormal Dex-CRH-tests may reflect dysregulated feedback, whereas increased circadian 
cortisol levels, including CAR, are the result of the acute disease state. Indeed, studies using 
DSTs or combined Dex-CRH tests have shown increased HPA-axis activity particularly in 
primary progressive MS (PPMS) and SPMS and in these populations increased HPA-axis 
activity correlated with disability and cognitive dysfunction[385, 388]. Increased CAR, on the 
other hand, has been observed particularly in RRMS[472, 497]. Intriguingly, increased CAR in 
RRMS has been associated with increased disability progression [497], which suggests that 
the reducing effect of vitamin D supplements on CAR, which we observed, is of potential 
additional relevance in RRMS. However, if CAR is indeed related to the acute disease state, 
this effect of vitamin D might not be a direct effect on the HPA-axis. Alternatively, cross-
talk between the immune and HPA systems and compensation for each other’s function if 

Box 6| Summary chapter 7: Vitamin D and the stress-axis in MS 

In this study we put to use the concept that vitamin D interacts with other nuclear 
receptor ligand systems, which may include the hypothalamus-pituitary-adrenal (HPA)-
axis. To investigate whether vitamin D3 supplementation (4000 IU/day) could suppress 
HPA-axis activity, which could be beneficial for depression in MS, we performed a new 
randomized controlled trial in female patients with RRMS. We measured cortisol levels in 
saliva, as well as depression scores using the HADS questionnaire. After 16 weeks, there 
were no significant changes in the area under the curve (AUC) of the cortisol day curve 
(CDC), or the slope of the CDC, within or between the vitamin D (n=22) and the placebo 
(n=19) group. Also, depression scores did not significantly change upon vitamin D3 
supplementation. However, the AUC of the cortisol awakening response (CAR) showed 
a significantly larger reduction in the vitamin D group compared to the placebo group. 
Therefore, our results support a role for vitamin D in regulation of HPA-axis activity in 
MS.
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Box 7| Summary chapter 6: Vitamin D and the network of nuclear receptor 
ligands in multiple sclerosis

We give an overview of the effects of the nuclear receptor ligands sex-steroids, 
corticosteroids and vitamin D derived molecules on immune responses and on the 
central nervous system, as well as their interactions. These ligands, showing similarities 
in their structure and metabolic pathways, have all been associated with clinical 
outcomes of MS, and they all have suppressive effects on adaptive immune responses 
when studied in vitro or in animal models. We conclude that their complex interaction 
within the human body, however, may reflect the delicate balance between homeostasis 
and adaptation, which we need to understand in order to utilize these nuclear receptor 
ligands in potential treatments for MS.

Summary

Recent results from randomized controlled trials with vitamin D supplementation such as 
the SOLAR trial have added convincing clinical evidence for an effect of vitamin D on MS 
disease activity, at least early in the disease course, increasing also the relevance of our 
studies. With the SOLARIUM substudy and the stress-axis study we had the opportunity to 
examine some open questions with respect to mechanism of action and clinical outcomes 
to be targeted (depression), with the advantage of cause-and-effect relationships between 
vitamin D exposure and outcome. With these studies we aimed to gain more insight into 
the effects of vitamin D in MS, acknowledging that profitable effects may go beyond effects 
on CD4+ T cells. Immunologically, our overall data support a beneficial role for vitamin D 
supplements in MS, inducing homeostasis in adaptive immunity. Interestingly, we also 
found an effect of vitamin D on the anti-EBV-antibody response. With respect to the role of 
vitamin D (supplements) in depression in MS, though, our data do not provide evidence for 
amelioration of depressive symptoms, but do suggest that vitamin D supplements in RRMS 
can prevent depressive symptoms via regulation of the HPA-axis. However, amongst others 

necessary, may result in a decreased activity of HPA-axis when vitamin D increases. In this 
light, our study provides some support for the model of cortisol and vitamin D as two anti-
inflammatory nuclear receptor ligands within a network, which is described in chapter 6 
(box 7) , which may be exploited as a whole to provide benefit for patients suffering from MS.

Altogether, we hypothesized that vitamin D supplements, by influencing inflammatory 
responses, could ameliorate depressive symptoms in RRMS, for which we did not find 
evidence in our studies. However, our studies revealed that vitamin D supplementation in 
RRMS may prevent depressive symptoms via regulation of the HPA-axis. The reduction in the 
cortisol awakening response we observed may not only be relevant for depression in MS, but 
also for the course of MS itself
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by studying the effect of vitamin D on the stress-axis in MS, we progressively realize that 
vitamin D is only one player in a very complex network, which may have implications for our 
understanding of the mechanism of action of vitamin D and its eventual use in the clinical 
setting.

Future directions

When in 2008 our research team started its quest to unravel the role of vitamin D in MS, 
the focus was on CD4+ T cells, the suspected key players in MS. In this thesis not only T cells, 
but also B cells, EBV, and other nuclear receptor ligand systems have been addressed. It has 
been shown that the effects of vitamin D go beyond one cell type, beyond one type of tissue 
or organ, and beyond one type of system. Plus, what we think that causes or contributes to 
MS also is not just one factor, one type of cell, and one type of system. Herewith, instead 
of unraveling, the quest has become more and more complex. Therefore, an even more 
comprehensive approach may be necessary to gain a better understanding of the mechanism 
of action of vitamin D.

Thus far, mostly reductionist approaches have been used to answer questions about 
the effects of vitamin D in MS. These studies assume that when you put in vitamin D the 
observed result is caused by the input. Immunologically, in a controlled in vitro environment 
this may be true, but as soon as the milieu gets more complex, the result may be modulated 
by several influences. For instance, the vitamin D receptor (VDR) can form a heterodimer 
complex with the retinoid X receptor (RXR), which is also the receptor of the active metabolite 
of vitamin A [210, 536]. Changes in the concentration in one or both ligands may cause 
competition, and therefore may cause transcriptional interference [537]. Also inbred animal 
models may not accurately mimic the human situation, because these animals generally 
share the same genetic background and environment. As the human body is extreme in its 
complexity, compared to in vitro and animal models, this likely explains the differences found 
in studies done so far. After all, in vitro effects of vitamin D have been shown to be far more 
obvious. In chapter 6 (box 7) of this thesis we reviewed the effects of the nuclear receptor 
ligands sex steroids, corticosteroids and vitamin D3-derived molecules (hereafter referred 
to as nuclear receptor ligands) on adaptive immune responses and on the central nervous 
system (CNS), being part of an ancient network with its implications for MS. We described 
the similarities in their origin, enzymatic metabolism, and influence on the immune response 
and CNS. Also, we have discussed interactions between these nuclear receptor ligands, 
particularly showing mutual effects on their metabolism (within the CNS). As a result, their 
effects may also be indirect via increasing or decreasing the actions of other ligands and/
or they may compensate for each other’s function to maintain immune homeostasis. For 
example, testosterone may compensate for a decrease in vitamin D (maybe better than 
female sex steroids) to keep a balanced immune system. However, this new homeostasis 
may be more fragile, and once also testosterone levels decline with natural ageing, even 
if it is a small change, it may cause a dramatic dysregulation of the immune system. In this 
example vitamin D insufficiency is still causally related to the dysregulated immune response. 
Interestingly, differences in vitamin D metabolism between male and female patients have 
been suggested, with an association between vitamin D status and MS risk found only in 
females [426] as well as stronger immunomodulatory effects of vitamin D in females [428]. 
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Therefore, to understand the role of vitamin D in MS, we might need to investigate its role in 
the context of this particular network of nuclear receptor ligands.

A first step towards a better understanding of the role of the single nuclear receptor ligands, 
including vitamin D, in MS may be optimization of the study designs, enabling control for effects 
of other nuclear receptor ligands. Many existing data have been obtained by observational 
studies, which often need to be carefully interpreted, as associations may not be due to 
causal relationships and could be biased in many ways. Knowing that these ligands interact, 
confounding may explain contradictory findings. To give an example, ovarian decline, starting 
years before the actual menopause, was associated with increased disability measured by 
EDSS and MS functional composite (MSFC), which may have a role in the transition from RRMS 
to SPMS [538]. Therefore, when studying associations between vitamin D status and disability, 
biological age and endocrinosenescence may interfere. Future observational studies could 
take this into account. Currently, only few clinical trials with a cross-over design and few RCTs 
for single nuclear receptor ligands have been performed in MS patients [332, 348-349, 539-540]. The 
sample sizes of all these studies were rather small in comparison to the large pharmaceutical 
phase 2 or 3 studies performed in MS. For glucocorticoids, used for decades to treat relapses, 
only few studies have been conducted investigating the effect of long term treatment on 
the disease course, which is understandable in a way, as side effects may be severe. Also 
for sex steroids side effects may be undesirable, especially in the reproductive age. This 
might explain why larger trials for these therapies have not been performed. Interestingly, 
results of the RCTs with sex steroids, corticosteroids and vitamin D were mostly positive, 
or borderline significant, with respect to the assessed clinical outcomes. However, over- or 
underestimation is possible, because of suboptimal randomization and heterogeneity and 
thus confounding, especially in smaller trials. Therefore, to gain a better insight in the actual 
effects of the studied ligand, and in our case of vitamin D, also in future (larger) RCTs they 
need to be controlled for the other ligands, also allowing subgroup analyses. We aimed to 
control for the influence of sex steroids in the study described in chapter 7 by only including 
female patients and by performing measurements in a standardized phase of the menstrual 
cycle. Besides standardized moments of measurements, alternatives can be stratification 
or statistical corrections for (serum) levels of nuclear receptor ligands. Furthermore, in 
addition to the information concerning clinical outcomes, we need more information about 
mechanisms of action of the single and combined nuclear receptor ligands, investigated in 
MS patients in such designs.

Investigation of the mechanism of action of a single factor within this network of nuclear 
receptor ligands is difficult, since many feedback mechanisms are involved. This makes it 
hard to find how, where and when a certain effect originates, and how, where and when other 
factors modulate the effect. We also encountered this problem in our studies regarding the 
role of vitamin D in depression in MS. Depression may be the result of both immunological 
alterations (inflammation) and neuroendocrine alterations (HPA-axis hyperactivity), for 
which we believed both could be influenced by vitamin D. However, as is also apparent from 
chapter 6, the neuroendocrine immune systems acts as a whole. So, alterations in immune 
responses may also affect endocrine functions and vice versa. Therefore, to really understand 
the effects of nuclear receptor ligands and their combined effects, which may be relevant to 
understand the pathophysiology of MS as well as to translate this knowledge to treatments, 
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we might need sophisticated computational technologies with a holistic approach. Systems 
biology, which uses multi-level data to develop multi-scale models of complex biological 
systems, therefore, can help to unravel the involvement of the nuclear receptor network in 
MS. Systems biology integrates information derived from multiple studies (i.e. in vitro, animal 
models, observational and interventional human studies) with respect to different levels, such 
as the effects of nuclear receptor ligands on the genes that can be actively transcribed, the 
effects on gene and protein expression by the several cell types of the immune system and 
CNS, the effects on the function of the cells (i.e. extent of immune activation, demyelination 
and axonal damage, activation of the HPA-axis), and the pathological effects (ie. disability 
or depression). Models designed by systems biology might help to understand on which 
levels or within which subsystem (i.e. immune system, myelination, neurogenesis, HPA-axis) 
the combined effects of the nuclear receptor ligands have the biggest consequences for 
the outcome measure (i.e. inflammation, disability (progression), depression, cognition etc.). 
Furthermore, by using systems biology also other environmental factors can be included in 
the models, such as EBV infection, the microbiome, and smoking status.

Holistic approaches such as systems biology are also important in the transition from 
population-based to personalized (or precision) medicine, which is an important theme 
in the MS care of today. As there is no average patient, different individuals might need 
different (combinations of) treatments, probably dependent on their genetic profile, gender 
and/or (biological) age and impact on different disease mechanisms. Patients in an early 
stage of RRMS may benefit from vitamin D3 supplements, which may be dependent on their 
vitamin D status and metabolism (genetic polymorphisms). Male patients with relatively 
low testosterone levels, who were shown to have higher EDSS scores and more decline 
of cognitive function [541], may benefit from testosterone therapy. And, female patients in 
the pre-menopausal phase with lowered anti-Mullerian hormone levels may benefit from 
estrogens. Future clinical trials, possibly including systems biology, should assess which 
patients benefit from which nuclear receptor ligands, and whether combinations could have 
synergistic or complementary effects, because: in vivo veritas.
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Vitamin D was discovered in the context of rickets, a disorder characterized by skeletal 
deformities. Scientists began searching for food that could prevent rickets, based on the 
knowledge that diseases as scurvy could be prevented by certain nutriments as citrus fruits. 
This led to the finding that the development of rickets was related to a dietary deficiency 
of a fat-soluble factor, in for instance butterfat or cod-liver oil. Another observation had 
led to the idea that sunlight exposure could prevent and cure rickets. Following this line of 
thought, parallel to the food experiments in de early 1920’s, it was discovered that artificial 
sunlight could be used for prevention and therapy of rickets. Both therapies came together 
when it was found that also (vegetable) food irradiated by UV light could ameliorate rickets in 
rats. These experiments with irradiated food eventually led to the discovery of the chemical 
structure of the anti-rickets substance, called vitamin D[107, 542].

From the path to the discovery of vitamin D it is clear that (combined) findings from previous 
research help to develop knowledge and therapies. New answers lead to new questions, but 
also to new ideas (innovation) and new utilizations (application): today vitamin D is not only 
widely used to prevent rickets, but because of its observed pleiotropic effects vitamin D is 
also studied in many other diseases, including multiple sclerosis (MS). In MS, in particular the 
immune modulating properties of vitamin D could be beneficial [46]. This valorization chapter 
elaborates on the relevance of our studies, and the value and the implications of our findings 
with respect to innovation and application. 

MS is a chronic disease, which progresses over time with accumulating discomfort and 
disabilities. It is estimated that 2.3 million people worldwide have MS, and in the Netherlands 
this concerns approximately 17000 people, which is almost 1 in 1000 citizens [3, 543]. Although 
most patients in early phases of disease do not (yet) have persistent neurological deficits, 
exacerbations are unpredictable and can be very disabling. In later stages, patients may 
increasingly lose their self-sufficiency (and sometimes self-conceit), as they may increasingly 
need medical care and devices such as braces or wheelchairs, and assistance from others. 
Furthermore, as the onset of the disease generally is in the reproductive age, physical and 
emotional burden because of the disease, but also therapies may affect family life (choices). 
Moreover, fatigue and depression and cognitive problems, which may start relatively early in 
the disease course[544], can have a considerable impact on daily life and quality of life [545-547]. It 
is also because of these symptoms that people are less and less able to participate in social 
and economic life[548-549]. Obviously, for society, the latter adds up to the high health costs. 
Altogether, MS is a disease with major consequences for the often relatively young patient, 
and which makes the patient call upon her or his relatives/close circle and society in several 
stages of the disease. 

Unfortunately, a curative treatment for MS is not available. Most current therapies are 
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efficacious by reducing disease activity and preventing relapses, but do not have clear effects 
on disability progression. Our research team started its research on vitamin D in MS in 2008 
with the aim to assess whether vitamin D supplementation could be an additional therapy 
in MS. This was inspired by the then limited evidence from association studies, pointing at 
a role for vitamin D in the development and disease course of MS, and small pilot studies 
with supplementation of vitamin D hinting towards a beneficial effect on certain clinical 
outcomes. Compared to the available therapies for MS at that time, the ‘injectables’, vitamin D 
supplementation could be an inexpensive, relatively safe and easy-in-use additional therapy. 
Although since 2008 there has been quite a forge ahead in the field of MS therapies, with 
an enormous expansion in, mostly orally administered, therapies targeting several aspects 
of the immune system, none of them has the ‘X-factor’. Most of the current therapies are 
expensive (€14.000,00 - 50,000.00 per year per patient)[550], and carry relatively high risks 
on adverse events such as infections. With respect to vitamin D, much support has been 
obtained since 2008 for a beneficial role in MS and the safety of its use, to which our studies 
also have contributed. We have conducted several studies over the past decade in order 
to assess which clinical outcomes are influenced by vitamin D, as well as studies in order to 
assess which mechanisms underlie the observed beneficial effects. Our studies, including 
those presented in this thesis, are particularly relevant to settle which patients might actually 
benefit from supplementation with vitamin D, but may also be useful in the search for 
biomarkers for treatment initiation/ follow-up and for generating optimal supplementation 
regimens. Also, they may contribute to our insight in the disease process of MS. Therefore 
studying the role of vitamin D (supplements) in MS is relevant, mostly for the patient, but 
probably also for society; vitamin D supplementation will not replace other disease modifying 
therapies, but it is not inconceivable that (early) add-on vitamin D supplementation, by 
reducing MS disease activity, results in reduced non-attendance at work and reduced health 
care consumption. However, future studies need to confirm this, and have to show long term 
consequences.

The studies of our research team of the Academic MS Center Limburg have been initiated 
and continued with the hope to find evidence that vitamin D supplements positively influence 
the disease course of MS, and therefore could be introduced in existing treatment strategies 
for MS. Over the years, we have followed the path from observational studies to clinical 
trials, an important step in the valorization process. In this thesis mainly data obtained by 
randomized supplementation trials have been used to solve our questions with respect 
to immunological effects of vitamin D, to understand its mechanism of action, and with 
respect to its role in depression in MS (chapters 2, 4, 5 and 7). At this point, we do not have 
supporting evidence that vitamin D supplementation can be used as an additional therapy to 
reduce depressive symptoms in MS (chapters 5 and 7). However, our other studies support 
the idea that vitamin D regulates immunological processes in early relapsing remitting (RR) 
MS (chapters 2 and 4), maintaining immune homeostasis[82], which may be underlying the 
observed clinical effects. Indeed, there is now increasing and convincing clinical evidence 
that vitamin D supplements (as add-on therapy to interferon- β1a) influence disease activity 
in early MS[94-95, 498], although we still need additional studies for clear therapeutic regimens. 
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Nonetheless, positive results have been spread and (tentative) implementation of vitamin D 
supplementation for MS in clinical practice has already been started, also in the academic 
MS center Limburg. 

Not only from a medical point of view, but also scientifically our studies may contribute to 
innovation or new concepts. With respect to the immunological processes in MS, our studies 
have shown that deviations or deficits progress in early MS after disease onset ([82] (chapter 
2). These may lead to sustained immune disturbance and disease activity, and therefore 
interference in this dynamic course in early disease may pay off. Another interesting finding is 
the specific drop in anti-EBNA-1 antibody levels (chapter 4), which could fit in the concept of 
interaction between vitamin D and the Epstein-Barr Virus (EBV) in MS. Better understanding 
of this potential interaction and of the dynamics of the immune system in early MS is needed. 
Furthermore, results of our in vitro and in vivo studies, have redirected our attention to the 
fact that vitamin D is only one player in a very complex network of nuclear receptor ligands 
(chapter 6). This concept asks for studies with a more holistic approach, enabling us to better 
translate knowledge to therapies and to better understand the (immune) pathophysiology 
of MS.

Our research findings are primarily of interest for patients with MS,  clinicians treating MS 
and scientists studying MS. Particularly patients in an early phase of MS may benefit from 
vitamin D supplements, as our team observed in these patients a beneficial effect of high-
dose vitamin D supplements on MRI activity and, less pronounced, relapse rate[95]. Also, our 
results suggest that, in early MS patients vitamin D supplementation may delay progression 
and prolong the RRMS phase (chapter 1). Although most findings do not support an effect 
of vitamin D supplements on disease activity and disability progression in later stages of MS, 
data on effects on specific symptoms, such as depressive symptoms or cognitive problems, 
in later stages of MS is still limited. To clinicians our data may be useful in order to advice their 
patients. Although our studies do not provide a clear supplementation regimen for patients 
with MS, and additional research is necessary, they do provide some answers with respect to 
the target population and vitamin D3 dose that can be used safely. As we broadly examined 
the role of vitamin D in MS, not only scientists within the field of MS research, but also in 
fields of other autoimmune diseases, basic (human) immunology, psychiatry and (neuro)
endocrinology may appreciate our findings. Our studies contribute to the understanding 
of the role of vitamin D in the disease mechanism of MS, but also in immunological as well 
as neuroendocrine mechanisms in general. Furthermore, they may contribute to a better 
understanding of the overall pathophysiology of MS, and may inspire to study further the 
role of environmental factors in MS, such as the interaction between EBV and vitamin D, 
the dynamic course of the immune disturbances in early disease, and interplay of nuclear 
receptors in immune responses and neurodegeneration and neuroregeneration. 
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Before vitamin D supplementation can be approved for treatment of MS and can be applied 
in a clinical practice, relevant questions to be answered are: ‘What can we expect on the 
shortand the long term from the therapy?’, ‘Who is eligible for the therapy?’ and, How do we 
prescribe the therapy?’. Currently, these questions have been answered partially by studies 
(RCTs) on in vivo effects of vitamin D in patients with MS. To be able to fully answer these 
questions, however, other insecurities with respect to vitamin D supplements and difficulties 
in studying vitamin D effects (Box 1)  need to be addressed or solved in additional (clinical) 
studies[551]. Long term follow-up of patients who participated in vitamin D supplementation 
studies will have to determine whether the observed effects on disease activity last and 
whether early vitamin D supplementation influences disease progression. In addition, future 
studies need to assess whether and for which population preventive supplementation is 
to be considered. Furthermore, to increase current evidence for effects of vitamin D on 
targeted disease outcomes we need more randomized controlled trials. In particular since 
there is a tendency to over-interpret the results of the many association studies, in which 
reverse causality and confounding are hard to exclude[551]. Also, we need to be aware that 
all observations to a certain extent are biased towards the observer’s expectations or 
hopes; studies are designed based on certain hypotheses. Therefore, observer bias can be 
a problem when only is observed what is expected, or when findings are fit into hypothesis 
in the scientific presentation of results[552]. Additionally, a lack of knowledge of the observer 
may (unintentionally) cause bias, as we only observe what we recognize. Although we have 
tried to avoid observer bias by conducting randomized controlled trials, and by studying (and 
presenting) effects on several cell subsets, also some of our interpretations will be biased: 
We may have wanted to see the positive findings too much, such as the reduction in cortisol 
awaking responses (chapter 7). Or we may have zoomed in too much on certain markers, 
such as CD25 or anti-EBNA-1 IgG (chapter 2 resp. 4), although these results have been 
replicated in separate cohorts. 

In conclusion, the results of the studies of our team have brought us a bit closer to realization 
of vitamin D supplementation in MS, by answering some relevant questions regarding who 
and why. However, it is essential that clinicians and policy makers have a critical (re)view at 
the evidence for vitamin D effects in MS, and that additional research is conducted in order 
to solve the several questions mentioned, before vitamin D supplementation, exceeding 
generally advised daily dosages, is implemented in the standard of MS care.
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Box 1 - Vitamin D supplementation in MS: insecurities and difficulties
Insecurities Difficulties

Why? Evidence
Endpoints, i.e. disease activity, 
disease progression, and 
symptoms.

Study design
Association versus causality, in vitro 
versus in vivo; animal versus human, 
follow-up duration.

Who? Target population
Patient characteristics, i.e. sex, 
age, disease duration, disease 
phenotype / course.

Identification/selection of 
targets
Genetic profile, biomarkers,
effect modifiers (i.a. other nuclear 
receptor ligands)

What? Vitamin D status
Measurement of vitamin D, i.e. 
target level (deficiency/ sufficiency) 
method, metabolite, blood/CSF

Technical issues
Circulation versus CSF versus target 
organ, metabolites

How? Supplementation strategy 
Treatment regimen, i.e. effective 
dose, fixed/variable dose, 
combination therapy.

Safety
Efficacy versus side effects
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In jaren van onderzoek zijn er steeds meer aanwijzingen dat er een rol voor vitamine D is 
in het ziekteproces van multiple sclerose (MS). Veelal gaat het om studies die verbanden 
aantoonden, zoals tussen een gebrek aan vitamine D en het ontwikkelen van MS, of tussen 
het vitamine D gehalte in het bloed en de ernst van de ziekte, of tussen het vitamine D 
gehalte in het bloed en factoren (met betrekking tot het afweersysteem) die ziekmakend 
zouden zijn. Daarnaast gaat het om studies die gunstige effecten van het toedienen van 
vitamine D aantoonden in diermodellen of aan cellen van het afweersysteem in kweekbakjes. 
Deze studies zijn informatief, maar laten nog veel onduidelijkheid bestaan over de werkelijke 
effecten van vitamine D in MS patienten. De studies beschreven in dit proefschrift hebben tot 
doel enkele eerder gesuggereerde effecten van vitamine D in MS verder in kaart te brengen.
MS is een aandoening waarbij er ontstekingsreacties ontstaan in het centrale zenuwstelsel, 
bestaande uit de hersenen en het ruggenmerg. Deze ontstekingsreacties leiden tot 
schade van met name de vetachtige stof die de zenuwuitlopers omhult voor een goede 
signaalgeleiding, het myeline, maar ook tot schade van de zenuwcellen zelf. Dit kan tot 
verschillende neurologische klachten leiden, zoals krachtsverlies, gevoelsstoornissen, balans- 
en coördinatieproblemen en problemen met het zicht. Daarnaast zijn ook vermoeidheid en 
depressie veelvoorkomende klachten. MS komt ongeveer 2-3 keer vaker voor bij vrouwen 
dan bij mannen en de eerste symptomen treden vaak op tussen het 20ste en 40ste 
levensjaar. Naast een verscheidenheid aan klachten bij het openbaren van de ziekte, is het 
beloop van de ziekte ook per persoon verschillend. Grofweg kan er op basis van het beloop 
een indeling in subtypen MS worden gemaakt, rekening houdend met de aan- of afwezigheid 
van opvlammingen, zogenoemde relapses of exacerbaties, en/of geleidelijke achteruitgang, 
de zogenoemde progressie van de ziekte. Het meest voorkomende subtype is relapsing 
remitting MS (RRMS), gekenmerkt door opvlammingen afgewisseld door perioden van herstel 
zonder geleidelijke achteruitgang. In de meeste gevallen zal echter na verloop van jaren 
de ziekte veranderen, waarbij er minder opvlammingen en meer aanhoudende klachten 
optreden, zodat op een zeker moment wordt gesproken over secundair progressieve MS 
(SPMS).

De ontstekingsreacties bij MS zijn het gevolg van ontregelde afweerreacties. Omdat hierbij 
afweercellen zich tegen lichaamseigen weefsel richten, spreken we van auto-immuun 
reacties. Het type afweercellen dat in MS als ziekte-veroorzakend wordt gezien behoort 
tot de T lymfocyten (T cellen), maar ook andere afweercellen, waaronder B cellen, spelen 
een rol. De ontregelde afweerreacties lijken met name in RRMS een rol te spelen en het 
beloop te beïnvloeden. Het is echter niet bekend wat de aanleiding is voor de ontregelde 
afweerreacties in MS. Ook is niet bekend in hoeverre deze reacties de toenemende schade 
verklaren in progressieve MS. Verschillende ontstekingsremmende behandelingen kunnen 
de afweer reguleren. Deze behandelingen genezen MS niet, maar verlagen de ziekteactiviteit, 
dat wil zeggen dat ze ontstekingen en waarneembare opvlammingen verminderen. Ze zijn 
dan ook vooral effectief in RRMS en remmen achteruitgang in progressieve MS vaak niet. 
Naast bestaande behandelingen zijn er veel medicijnen in ontwikkeling, ook die wel tot 
doel hebben ziekte te remmen in progressieve stadia en zich richten op het herstellen van 
hersenschade.
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Er wordt gedacht dat zowel erfelijke aanleg als invloed van omgevingsfactoren nodig zijn 
voor het ontwikkelen van MS. De belangrijkste omgevingsfactoren hebben invloed op het 
functioneren van het afweersysteem en betreffen infecties (vooral met het Epstein-Barr virus), 
roken en een vitamine D tekort. Vitamine D is een stof die mensen van nature aanmaken 
in de huid onder invloed van UVB straling uit zonlicht. Naast een belangrijke functie in 
de bothuishouding, heeft de actieve vorm van vitamine D ook invloed op het gedrag van 
afweercellen. Omdat een gebrek aan vitamine D gerelateerd is aan het risico op MS en meer 
ziekteactiviteit in MS, wordt er een gunstige werking van vitamine D op MS verwacht via de 
effecten op het afweersysteem. Vitamine D suppletie lijkt dan ook interessant als aanvullende 
therapie in MS. Momenteel is het echter nog onduidelijk wat de effecten van vitamine D 
suppletie precies zijn op het afweersysteem in MS. Aangezien het afweersysteem nauw 
samenhangt met verscheidene regelsystemen wordt er in de studies van dit proefschrift 
breed gekeken naar de immunologische (=het afweersysteem betreffende) effecten van 
vitamine D suppletie in MS, maar wordt ook ingespeeld op eventuele interacties met andere 
regelsystemen. Omdat het afweersysteem vooral actief lijkt in de RRMS fase, is dit ook de 
fase waarin wij de effecten van vitamine D hebben bestudeerd.

We startten in hoofdstuk 1 met een studie die onderzocht of het vitamine D gehalte in het 
bloed van patiënten met MS invloed heeft op de snelheid van ziekteprogressie. We keken 
hiervoor naar verbanden tussen vitamine D gehalte en het moment van overgang van RRMS 
naar SPMS. De hoogte van het vitamine D gehalte tijdens de RRMS fase voorspelde niet of 
iemand binnen drie jaar naar SPMS zou overgaan. Wel hadden patiënten met een korte 
RRMS duur tot de overgang naar SPMS een lager vitamine D gehalte op het moment van de 
MS diagnose, dan patiënten met een langere RRMS duur. Dit suggereert dat het vitamine D 
gehalte aan het begin van de ziekte invloed heeft op de snelheid van ziekteprogressie. Dit 
is interessant, omdat uitstel tot het moment dat er sprake is van SPMS, ook uitstel betekent 
van het moment dat iemand niet meer gebruik kan maken van bestaande behandelingen 
voor MS. Of er daadwerkelijk een relatie bestaat tussen het vitamine D gehalte en de 
snelheid van ziekteprogressie, en of hogere doseringen vitamine D suppletie de RRMS duur 
inderdaad kunnen verlengen, moet blijken uit langdurige opvolging van patiënten die aan 
suppletiestudies met vitamine D deelnemen/hebben deelgenomen.

Vervolgens wilden we nagaan of we verschillende bevindingen uit eerdere onderzoeken 
konden bevestigen met gegevens van een studie met vitamine D supplementen, de SOLARIUM 
studie (Box 1). Om te beginnen met bevindingen ten aanzien van enkele immunologische 
effecten van vitamine D. In hoofdstuk 2 onderzochten we het effect van vitamine D op CD25. 
CD25 is een signaal ontvangend eiwit (receptor) dat betrokken is bij de activatie van T cellen. 
CD25 wordt in hoge mate tot uiting gebracht op het celoppervlak van regulerende T cellen en 
geactiveerde T cellen. Signalering via CD25 op (gunstige) regulerende T cellen is van belang 
voor het in stand houden van deze populatie T cellen, wat van belang is voor het behouden 
van een goede balans in het afweersysteem. Signalering via CD25 op andere geactiveerde 
T cellen leidt o.a. tot vermenigvuldiging van deze T cellen, dat in MS de vermenigvuldiging 
van potentieel schadelijke cellen kan betekenen. Eerder is aangetoond dat vitamine D voor 
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meer CD25 op T cellen in kweekbakjes zorgde, en dat MS patiënten met een hoger vitamine 
D gehalte T cellen met meer CD25 hadden. Echter, er was geen onderscheid gemaakt in 
regulerende T cellen en andere T cellen. In deze nieuwe studie vonden we dat er geen 
invloed was van vitamine D op de mate van CD25 op de totale pool van T cellen of de niet-
regulerende T cellen. De mate waarop CD25 aanwezig was op regulerende T cellen bleef 
door vitamine D behouden, waar deze over een periode van een jaar afnam onder placebo 
gebruik. Dit gegeven ondersteunt het idee dat vitamine D belangrijk is voor het in stand 
houden van een effectieve populatie regulerende T cellen en daarmee uiteindelijk mogelijk 
ook de balans in het afweersysteem.

Aangezien de meeste effecten van vitamine D in MS beschreven zijn met betrekking tot T 
cellen, hebben we in hoofdstuk 3 op een rijtje gezet welke effecten van vitamine D op B cellen 
bekend zijn. We schetsten daarvoor eerst de mogelijke rol van B cellen in MS, die aan interesse 
heeft gewonnen nu is gebleken dat behandelingen die specifiek B cellen uit het afweersysteem 
verwijderen (B cel deplerende therapieën) effectief zijn in MS. B cellen kunnen verschillende 
functies uitoefenen, die op zichzelf of door interactie met andere afweercellen (T cellen) aan de 
schade in MS kunnen bijdragen. Ook het Epstein-Barr Virus (EBV), dat zich nestelt in B cellen, 
kan hierin een rol spelen. De beschreven effecten van vitamine D hebben betrekking op de 
verschillende functies van B cellen. Zo worden potentieel schadelijke functies beperkt, zoals 
het presenteren van antigenen aan T cellen en het uitrijpen naar antilichaam producerende 
plasmacellen. Ook kunnen B cellen in aanwezigheid van vitamine D beter de rol van gunstige 
regulerende B cel aannemen. Echter, hoewel deze effecten duidelijk gevonden worden op B 
cellen in kweekbakjes, komen deze effecten niet overeen met bevindingen in het complexe 
menselijke lichaam. Daaraan kunnen verschillende dingen ten grondslag liggen, zoals de 
afwezigheid van structuren en moleculen in kweekbakjes die wel in het lichaam of specifiek in 
MS worden gevonden. Daarnaast stippen we in het overzichtsartikel ook aan dat er mogelijk 
een interactie is tussen vitamine D en EBV in MS. Hierop gaan we verder in hoofdstuk 4, 
waarin we met de SOLARIUM studie hebben onderzocht of vitamine D suppletie in MS leidt 
tot vermindering van antilichaamproductie tegen een specifiek eiwit van EBV, het EBNA-1. In 
een eerdere explorerende studie vonden we namelijk dat eenhoge dosering vitamine D al na 

Box 1| De SOLARIUM studie

De SOLARIUM studie is een Nederlands deelonderzoek van de SOLAR studie, een 
grote studie naar de effecten van hoge doseringen vitamine D (35x de aanbevolen 
dosering van 10 µg/dag) in RRMS in verschillende landen in Europa. In de SOLAR studie 
werden mensen met RRMS willekeurig ingedeeld in ofwel de vitamine D groep, ofwel 
de placebo groep. Waar met de SOLAR klinische uitkomstmaten werden onderzocht, 
had de SOLARIUM studie als doel te onderzoeken wat de immunologische effecten van 
vitamine D zijn. Aan deze studie deden 53 mensen met RRMS mee: 30 van hen zaten 
in de vitamine D groep en 23 in de placebo groep. Voor en na de studieperiode van 48 
weken werd bloed afgenomen, zodat er onder andere naar verschillende T en B cellen 
kon worden gekeken.
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12 weken tot een vermindering van deze anti-EBNA-1 antilichaamproductie leidde, maar niet 
tot een daling van de totale antilichaamproductie. In deze nieuwe studie werd dit bevestigd: 
na 48 weken was er bij patiënten die hoge doseringen vitamine D suppletie hadden gehad 
een daling in de anti-EBNA-1 antilichaamproductie, een daling die niet werd gezien in de 
placebo groep. Tevens was dit een specifiek effect, aangezien antilichaamproductie tegen 
enkele andere viruseiwitten niet gedaald waren. De beide groepen lieten geen verschil zien 
in de hoeveelheid aanwezig EBV in witte bloedcellen en ook niet in de fractie T cellen die zich 
richt tegen EBNA-1 presenterende of geïnfecteerde cellen. Ook konden we niet uitsluiten dat 
B cellen onder invloed van vitamine D minder anti-EBNA-1 antilichamen gaan produceren. 
Daarmee zou een verklaring voor de bevinding nog in vele richtingen kunnen worden 
gezocht, waaronder een algehele betere balans en ‘rust’ in het afweersysteem door vitamine 
D, maar ook een zekere wisselwerking in effecten van vitamine D en EBV in MS zal nog nader 
moeten worden onderzocht. Ondanks dat we het onderliggende mechanisme (nog) niet 
begrijpen, is het wel een relevante bevinding. Eerdere studies hebben namelijk aangetoond 
dat de anti-EBNA-1 antilichaamwaarden samenhingen met de mate van ontstekingen te 
zien op MRI. Anti-EBNA-1 antilichaamwaarden kunnen daarom worden gezien als maat voor 
ziekteactiviteit, waarop vitamine D dus een reducerend effect heeft.

In het volgende deel van het proefschrift trokken we onze onderzoeken naar de effecten 
van vitamine D in MS wat breder. We keken nog steeds naar effecten die verband 
houden met het afweersysteem, maar vanuit een ander perspectief, namelijk die van 
depressie in MS. Depressie is een erg veelvoorkomende klacht in MS. Net als in MS spelen 
ontstekingsmediatoren, geproduceerd door geactiveerde afweercellen, een belangrijke rol 
in het ziektemechanisme van depressie. Invloed van vitamine D op het afweersysteem zou 
daarom depressie kunnen verminderen. Eerdere studies hebben verbanden aangetoond 
tussen het vitamine D gehalte en de mate van depressie. Ook in MS vonden we dit verband, 
maar dit bleek afhankelijk van de blootstelling aan zonlicht. Om een eenduidiger antwoord 
te krijgen op de vraag of er een verband is tussen vitamine D en depressie, onderzochten we 
in hoofdstuk 5 met de SOLARIUM studie het effect van vitamine D suppletie op depressieve 
symptomen in MS, alsook op immunologische factoren gerelateerd aan depressie. Na 48 
weken lieten patiënten met MS die hoge doseringen vitamine D suppletie hadden gehad een 
daling zien in hun scores voor depressieve symptomen, echter, deze daling was gelijk aan die 
van de placebo groep. Ook was er geen betere balans in de cellen en ontstekingsmediatoren, 
de immunologische factoren gerelateerd aan depressie, in de groep patiënten die vitamine 
D suppletie hadden gehad ten opzichte van de placebo groep. Wij vonden dus geen bewijs 
dat vitamine D depressie vermindert in MS, noch dat het invloed heeft op de gerelateerde 
immunologische factoren. Maar omdat de patiënten die deelnamen aan deze studie over 
het algemeen lage scores voor depressieve symptomen hadden, zullen aanvullende studies 
nodig zijn om te onderzoekenwat het effect is van vitamine D suppletie op klinisch aanwezige 
depressie in MS.

Tot nu toe hebben we steeds gekeken naar effecten van vitamine D in een simplistisch 
model: uitgangssituatie + vitamine D = eenzijdig effect. Het is echter aannemelijk dat 
effecten van vitamine D in de complexiteit van het menselijk lichaam beïnvloed worden door 
andere factoren. Immers, zoals al aangestipt, komen bevindingen vanuit experimenteel 
laboratoriumwerk niet geheel overeen met die vanuit studies met mensen. Daarnaast 
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kunnen effecten plaatsvinden lokaal in het centrale zenuwstelsel, waardoor ze anders 
kunnen zijn dan door ons waarneembaar in de bloedsomloop. In hoofdstuk 6 beschrijven we 
overeenkomsten en interacties tussen drie groepen steroïdhormonen, (geslachtshormonen, 
corticosteroïden en vitamine D), die deel uitmaken van een evolutionair oud en complex 
geïntegreerd netwerk. Deze steroïdhormonen zijn belangrijk in de regulatie van het 
afweersysteem en in het centrale zenuwstelsel, en hebben als individuele systemen veel 
aandacht binnen onderzoek naar MS. Omdat een verstoring in een van deze systemen invloed 
kan hebben op andere regelsystemen, of compensatie vraagt van andere regelsystemen, is 
het belangrijk om een beter begrip te hebben van de interacties van deze systemen. Dit kan 
consequenties hebben voor de behandeling van MS, zoals combinatietherapieën, specifieke 
therapieën voor selecte groepen patiënten of zelfs geïndividualiseerde therapieën. 

Het concept dat vitamine D interacteert met andere regelsystemen met betrekking tot afweer 
en in het centrale zenuwstelsel hebben we gebruikt in hoofdstuk 7. Uit een eerdere studie 
was namelijk naar voren gekomen dat een belangrijke hersenstructuur van de hormonale 
stress-as (de hypothalamus) gevoelig is voor vitamine D en ook vitamine D kan verwerken. 
Mogelijk kan vitamine D dus de activiteit van deze stress-as beïnvloeden. Interessant is dat 
zowel in MS als in depressie een hyperactivatie van de stress-as wordt gerelateerd aan de 
ontwikkeling/ernst van de ziekte. Een hyperactieve HPA-as uit zich onder andere in een hogere 
productie van het eindproduct cortisol (stress-hormoon). Met als achterliggend idee dat 
vitamine D suppletie ook via beïnvloeding van de stress-as depressie in MS kan verminderen, 
onderzochten we in een nieuw opgezette suppletiestudie met vitamine D, het effect van 
vitamine D op de cortisolproductie. Omdat ook geslachtshormonen een beïnvloedende 
factor kunnen zijn deden aan deze studie alleen vrouwen met RRMS mee en werd rekening 
gehouden met de menstruatiecyclus. Aan deze studie deden uiteindelijk 41 vrouwen mee. 
Van hen kregen 22 vitamine D suppletie en 19 placebo. Omdat een normale cortisolproductie 
een afname laat zien over de dag, werden op standaardtijdstippen gedurende de dag, de 
cortisol dagcurve, op twee achtereenvolgende dagen speekselmonsters afgenomenwaarin 
later cortisol werd bepaald. Metingen vonden plaats voor en na een studieperiode van 16 
weken. Na deze 16 weken zagen we geen verschil in de cortisol dagcurve tussen de beide 
groepen, terwijl juist deze afwijkend zou zijn in mensen met RRMS én een depressie in 
een eerdere studie. Echter, we vonden wel een reducerend effect van vitamine D op de 
hoogte van de cortisol ochtendrespons. Dit is interessant omdat een verhoogde cortisol 
ochtendrespons in eerdere studies voorspellend was voor het krijgen van depressieve 
episodes. Mogelijk kunnen vitamine D supplementen dan ook depressieve symptomen in MS 
voorkomen. Daarnaast is de cortisol ochtendrespons in verband gebracht met een snellere 
progressie van ziekte, zodat vitamine D ook hierop een gunstig effect zou kunnen hebben. 
Deze cortisol ontendrespons, en het effect van vitamine D hierop, is dan ook interessant 
voor nieuw onderzoek.

Vanuit verschillende hoeken wordt bevestigd dat vitamine D gunstige effecten heeft in MS 
en ook onze studies ondersteunen dit. Een belangrijke recente klinische studie die meer 
zekerheid bracht over het gunstige effect van vitamine D is de SOLAR, welke was geïnitieerd 
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vanuit ons onderzoeksteam. De SOLAR vond geen overtuigend effect van vitamine D op de 
opvlammingen in MS, maar heeft wel laten zien dat aanvullende hoge doseringen vitamine D 
na een jaar gebruik voor minder ziekteactiviteit op MRI zorgen ten opzichte van een placebo. 
Vooralsnog wijzen de meeste studies echter met name naar een effect van vitamine D in 
een vroege RRMS fase. Dit geldt ook voor de SOLAR, SOLARIUM en stress-studie, waaraan 
patiënten met RRMS, veelal met een korte ziekteduur, hebben meegedaan. Het lijkt erop dat 
hetgeen er in de vroege fase gebeurt cruciaal is voor het verdere beloop van de ziekte, maar 
of de gunstige effecten van vitamine D aanhouden en inderdaad het beloop van de ziekte op 
lange termijn beïnvloeden, zal nog moeten blijken. Ook met betrekking tot de toepasbaarheid 
van vitamine D supplementen in preventie van MS, en de behandeling van symptomen in 
een later stadium, zoals klinisch manifeste depressie, zal nog verder onderzoek nodig zijn. 
Onze studies hebben dus een kleine bijdrage geleverd aan het uitzoeken waarom (welke 
ziekte gerelateerde eindpunten) en voor wie vitamine D behandeling met betrekking tot MS 
zinvol kan zijn. Maar vervolgstudies zijn zeker nodig, ook ten aanzien van de vragen hoe we 
vitamine D moeten suppleren (welke dosering bijvoorbeeld) en waarop we gaan baseren dat 
dit nodig is (spiegels in bloed of hersenvocht bijvoorbeeld).

Daarnaast begrijpen we nog onvoldoende hoe vitamine D in MS werkt. Een groot deel van 
de effecten van vitamine D wijst in een zekere richting, namelijk die van een betere balans 
in het afweersysteem. Toch begrijpen we nog onvoldoende hoe vitamine D die betere 
balans bereikt en is het nog onzeker welke effecten vitamine D heeft in lymfeknopen en in 
de hersenen zelf. Daarnaast realiseren we ons nu des te meer dat vitamine D onderdeel is 
van een netwerk, waarin verschillende soortgelijke moleculen, zoals cortisol en oestrogeen, 
niet alleen soortgelijke effecten hebben op het afweersysteem en het centrale zenuwstelsel, 
maar ook elkaars effecten kunnen beïnvloeden of compenseren. De resultaten van de stress-
studie lijken dit ook te ondersteunen. Dus om het werkingsmechanisme van vitamine D beter 
te begrijpen, zullen we de rol van vitamine D in o.a. dit netwerk beter moeten onderzoeken. 
Bovendien kan een beter begrip van dit netwerk als geheel, alsook van de factoren die dit 
netwerk beïnvloeden (genetisch en omgevingsinvloeden) leiden tot een beter inzicht in de 
ontstaanswijze en het ziekteproces van MS. Onderzoek van een dergelijk netwerk is echter 
lastig en vraagt om een meer holistische benadering. Onderzoekstechnieken die deze 
holistische benadering nastreven zouden vervolgens ook weer beter inzicht kunnen geven 
ten aanzien van de vraag welke mensen (wie) nu precies in aanmerking komen voor een 
behandeling met vitamine D, en zijn belangrijk op weg naar personalized medicine, oftewel 
een ‘behandeling op maat.’
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Oostenbrugge; Co-Supervisors: Dr. A.A. Duits / Dr. J. Staals. 

• Markus Gantert: Fetal inflammatory injury as origin of long term disease: Lessons from animal models. 

Supervisors: Prof.dr. B. Kramer / Prof.dr. L. Zimmermann; Co-Supervisor: Dr. A. Gavilanes. 

• Elke Kuypers: Fetal development after antenatal exposures: Chorioamnionitis and maternal glucocorticoids. 

Supervisors: Prof.dr. B.W. Kramer / Prof.dr. H.W. Steinbusch / Prof.dr. Suhas G. Kallapur (University of Cincinnati, 

Ohio, USA).

• Pieter Kubben: Ultra low-field strength intraoperative MRI for Glioblastoma Surgery. Supervisor: Prof.dr. J.J. van 

Overbeeke; Co-Supervisor: Dr. H. van Santbrink. 

• Laura Baijens: Surface electrical stimulation of the neck for oropharyngeal dysphagia in Parkinson’s disease: 

therapeutic aspects and reliability of measurement. Supervisor: Prof.dr. B. Kremer; Co-Supervisor: Dr. R. Speyer, 

Townsville. 

• Janneke Hoeijmakers: Small fiber neuropathy and sodium channels; a paradigm shift. Supervisor: Prof.dr. R.J. 

van Oostenbrugge; Co-Supervisors: Dr. C.G. Faber / Dr. I.S.J. Merkies. 

• Stephanie Vos: The Role of biomarkers in preclinical and prodromal Alzheimer’s disease. Supervisor: Prof.dr. F.R. 

Verhey; Co-Supervisor: Dr. P.J. Visser. 

• Muriël Doors: The Value of Optical Coherence Tomography in Anterior Segment Surgery. Supervisors: Prof.dr. 

R.M. Nuijts / Prof.dr. C.A. Webers; Co-Supervisor: Dr. T.T.J.M. Berendschot.

• Anneke Maas: Sleep problems in individuals with genetic disorders associated with intellectual disability. 



211
Addendum Addendum

Supervisors: Prof.dr. I. Curfs / Prof.dr. R. Didden.

• Sebastiaan van Gorp: Translational research on spinal cord injury and cell-based therapies; a focus on pain and 

sensorimotor disturbances. Supervisors: Prof.dr. B. Joosten / Prof.dr. M. van Kleef; Co-Supervisors: Dr. J. Patijn /

Dr. R. Deumens, KU Leuven. 

• Andrea Sannia: High risk newborns and brain biochemical monitoring. Supervisor: Prof.dr. J.S.H. Vles; Co-

Supervisors: Dr. D. Gazzolo, Alessandria, Italy / Dr. A.W.D. Gavilanes. 

• Julie A.D.A. Dela Cruz: Dopamine mechanisms in learning and memory: Evidence from rodent studies. 

Supervisors: Prof.dr. H.W.M. Steinbusch / Prof.dr. R.J. Bodnar, New York; Co-Supervisor: Dr. B.P.F. Rutten.

• René Besseling: Brain wiring and neuronal dynamics; advances in MR imaging of focal epilepsy. Supervisors: 

Prof.dr. A.P. Aldenkamp / Prof.dr.ir. W.H. Backes; Co-Supervisor: dr. J.F.A. Jansen. 

• Maria Quint-Fens: Long-term care after stroke; development and evaluation of a long-term intervention in 

primary care. Supervisors: Prof.dr. J.F.M. Metsemakers / Prof.dr. C.M. van Heugten / Prof.dr. M. Limburg, Almere; 

Co-Supervisor: dr. G.H.M.I. Beusmans. 

• Veronique Moulaert: Life after survival of a cardiac arrest; the heart of the matter. Supervisors: Prof.dr. J.A. 

Verbunt / Prof.dr. C.M. van Heugten / Prof.dr. D.T. Wade, Oxford, UK. 

• Feikje Smeets: The hallucinatory-delusional state: a crucial connection in the psychosis symptom network. 

Supervisor: Prof.dr. J. van Os; Co-Supervisor: Dr. T. Lataster.

• Lies Clerx: Alzheimer’s disease through the MR-eye; novel diagnostic markers and the road to clinical 

implementation”. Supervisor: Prof.dr. F. Verhey; Co-Supervisors: Dr. P.J. Visser / P. Aalten. 

• Sonny Tan: The subthalamic nucleus in Parkinson’s disease. Supervisors: Prof.dr. Y. Temel / Prof.dr. H.W.M. 

Steinbusch / Prof.dr. T. Sharp, Oxford, UK / Prof.dr. V. Visser-Vandewalle, Koln. 

• Koen van Boxem: The use of pulsed radiofrequency in the management 

of chronic lumbosacral radicular pain. Supervisors: Prof.dr. M. van Kleef / Prof.dr. E.A.J. Joosten; Co-Supervisor: 

Assoc. Prof.dr. J. van Zundert. 

• Jérôme Waterval: Hyperostosis cranialis interna. Supervisors: Prof.dr. J.J. Manni / Prof.dr. R.J. Stokroos. 

• Sylvie Kolfschoten-van der Kruijs: Psychogenic non-epileptic seizures; the identification of neurophysiological 

correlates. Supervisors: Prof.dr. A.P. Aldenkamp / Prof.dr. K.E.J. Vonck, Universiteit Gent; Co-Supervisors: Dr. 

J.F.A. Jansen / Dr. R.H.C. Lazeron, Kempenhaeghe.

• Wouter Pluijms: Spinal cord stimulation and pain relief in painful diabetic: polyneuropathy, a translational 

approach. Supervisors: Prof.dr. M. van Kleef / Prof.dr. E.A. Joosten; Co-supervisor: Dr. C.G. Faber.

• Ron Handels: Health technology assessment of diagnostic strategies for Alzheimer’s disease. Supervisors: Prof.

dr. F.R.J. Verhey / Prof.dr. J.L. Severens (EUR); Co-Supervisor: Dr. M.A. Joore / Dr. C.A.G. Wolfs. 

• Evelyn Peelen: Regulatory T cells in the pathogenesis of Multiple Sclerosis: potential targets for vitamin D 

therapy. Supervisors: Prof.dr. R.M.M. Hupperts / Prof.dr. J.W. Cohen Tervaert; Co-Supervisor: Dr. J.G.M.C. 

Damoiseaux / Dr. M.M.G.L.Thewissen, Diepenbeek. 

• Reint Jellema: Cell-based therapy for hypoxic-ischemic injury in the preterm brain. Supervisors: Prof.dr. B.W.W. 

Kramer / Prof.dr. H.W.M. Steinbusch; Co-Supervisor: Dr. W.T.V. Germeraad / Dr. P. Andriessen, Veldhoven.

• Maria Wertli: Prognosis of Chronic Clinical Pain Conditions: The Example of Complex Regional Pain Syndrome 1 

and Low Back Pain. Supervisors: Prof.dr. M. van Kleef; Co-Supervisor: Dr. F. Brunner, Zürich / Dr. R. Perez, VUmc. 

• Dagmar Zeef: An experimental model of Huntington’s disease: Validation & Stimulation. Supervisors: Prof.dr. Y. 

Temel / Prof.dr. H.W.M. Steinbusch; Co-supervisor: Dr. A. Jahanshahi.

• Jeroen Decoster: Breaking Down Schizophrenia into phenes, genes and environment. Supervisors: Prof.dr. I. 

Myin-Germeys / Prof.dr. M. De Hert, KU Leuven; Co-Supervisor: Dr. R. van Winkel.

• Eaja Anindya Sekhar Mukherjee: Fetal Alcohol Spectrum Disorders: exploring prevention and management. 

Supervisor: Prof.dr. L.M.G. Curfs; Co-Supervisor: Prof. S. Hollins, St. George’s University of London, UK. 

• Catherine van Zelst: Inside out; On stereotype awareness, childhood trauma and stigma in psychosis. 
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Supervisors: Prof.dr. Ph. Delespaul / Prof.dr. J. van Os.

• Ibrahim Tolga Binbay: Extended Psychosis Phenotype  in the Wider Social Environment. Supervisor: Prof.dr. J. 

van Os; Co-Supervisor: Dr. M. Drukker. 

• Frank Van Dael: OCD matters in psychosis. Supervisors: Prof.dr. J. van Os / Prof.dr. I. Myin-Germeys.

• Pamela Kleikers: NOXious oxidative stress: from head toe too and back. Supervisors: Prof.dr. H.H.H.W. Schmidt / 

Prof.dr. H.W.M. Steinbusch; Co-Supervisor: Dr. B. Janssen.

• José Luis Gerardo Nava: In vitro assay systems in the development of therapeutic interventions strategies for 

neuroprotection and repair. Supervisors: Prof.dr.med. J. Weis / Prof.dr. H.W.M. Steinbusch; Co-Supervisor: Dr. 

G.A. Brook, RWTH Aachen.

• Eva Bollen: Cyclic nucleotide signaling and plasticity. Supervisors: Prof.dr. H.W.M. Steinbusch / Prof.dr. R. 

D’Hooge, KU Leuven; Co-Supervisor: Dr. J. Prickaerts. 

2015

• Jessica A. Hartmann: A good laugh and a long sleep; Insights from prospective and ambulatory assessments 

about the importance of positive affect and sleep in mental health. Supervisor: Prof.dr. J. van Os; Co-

Supervisors: C.J.P. Simons / Dr. M. Wichers. 

• Bart Ament: Frailty in old age; conceptualization and care innovations. Supervisors: Prof.dr. G.I.J.M. Kempen / 

Prof.dr. F.R.J. Verhey; Co-Supervisor: Dr. M.E. de Vugt. 

• Mayke Janssens: Exploring course and outcome across the psychosis-continuum. Supervisor: Prof.dr. I. Myin-

Germeys; Co-Supervisor: Dr. T. Lataster.

• Dennis M.J. Hernau: Dopayours is not dopamine: genetic, environmental and pathological variations in 

dopaminergic stress processing. Supervisor: Prof.dr. I. Myin-Germeys; Co-Supervisors: Prof.dr. F.M. Mottaghy / 

Dr. D. Collip. 

• Ingrid M.H. Brands: The adaptation process after acquired brain injury Pieces of the puzzle. Supervisors: Prof.dr. 

C.M. van Heugten / Prof.dr. D.T. Wade, Oxford UK;  

Co-Supervisors: Dr. S.Z. Stapert / Dr. S. Köhler.

• Francesco Risso: Urinary and salivary S100B monitoring in high risk infants. Supervisor: Prof.dr. J.S.H. Vles; Co-

Supervisors: Dr. D. Gazzolo, Genoa,Italy / Dr. A.W.D. Gavilanes.

• Alessandro Borghesi: Stem and Progenitor Cells in Preterm Infants: Role in the Pathogenesis and Potential for 

Therapy. Supervisor: Prof.dr. L. Zimmermann; Prof.dr. B. Kramer; Co-Supervisors: Dr. D. Gazzolo, Genoa,Italy / 

Dr. A.W.D. Gavilanes.

• Claudia Menne-Lothmann: Affect dynamics; A focus on genes, stress, and an opportunity for change. 

Supervisor: Prof.dr. J. van Os; Co-Supervisors: Dr. M. Wichers / Dr. N. Jacobs. 

• Martine van Nierop: Surviving childhood new perspectives on the link between childhood trauma and psychosis. 

Supervisors: Prof.dr. I. Myin-Germeys / Prof.dr. J. van Os; Co-Supervisor: Dr. R. van Winkel.

• Sylvia Klinkenberg: VNS in children; more than just seizure reduction. Supervisors: Prof.dr. J. Vles / Prof.dr. A. 

Aldenkamp; Co-Supervisor: Dr. H. Majoie.

• Anouk Linssen: Considerations in designing an adult hearing screening programme. Supervisor: Prof.dr. B. 

Kremer; Co-Supervisors: Dr. L. Anteunis / Dr. M. Joore. 

• Janny Hof: Hearing loss in young children; challenges in assessment and intervention. Supervisors: Prof.dr. B. 

Kremer / Prof.dr. R. Stokroos / Prof.dr. P. van Dijk, RUG; Co-Supervisor: Dr. L. Antheunis. 

• Kimberly Cox-Limpens: Mechanisms of endogenous brain protection; Clues from the transcriptome. 

Supervisors: Prof.dr. J. Vles / Prof.dr. L. Zimmermann; Co-Supervisor:  

Dr. A. Gavilanes.

• Els Vanhoutte: Peripheral Neuropathy outcome measures; Standardisation (PeriNomS) study part 2: Getting 
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consensus. Supervisors: Prof.dr. C. Faber / Prof.dr. P. van Doorn; Co-Supervisor: Dr. I. Merkies, Spaarne 

ziekenhuis Hoofddorp.

• Mayienne Bakkers: Small fibers, big troubles; diagnosis and implications of small fiber neuropathy. Supervisors: 

Prof.dr. C. Faber / Prof.dr. M. de Baets; Co-Supervisor: Dr. I. Merkies, Spaarne ziekenhuis Hoofddorp.

• Ingrid Kramer: Zooming into the micro-level of experience: An approach for understanding and treating 

psychopathology. Supervisor: Prof.dr. J. van Os; Co-Supervisors: Dr. M. Wichers, UMC Groningen / Dr. C. Simons.

• Esther Bouman: Risks and Benefits of Regional Anesthesia in the Perioperative Setting. Supervisors: Prof.dr. M. 

van Kleef / Prof.dr. M. Marcus, HMC, Qatar / Prof.dr. E. Joosten; Co-Supervisor: Dr. H. Gramke.

• Mark Janssen: Selective stimulation of the subthalamic nucleus in Parkinson’s disease; dream or near future. 

Supervisors: Prof.dr. Y. Temel / Prof.dr. V. Visser-Vandewalle, Keulen / Prof.dr. A. Benazzouz, Bordeax, France.

• Reina de Kinderen: Health Technology Assessment in Epilepsy; economic evaluations and preference studies. 

Supervisors: Prof.dr. S. Evers / Prof.dr. A. Aldenkamp; Co-Supervisor: Dr. H. Majoie / Dr. D. Postulart, GGZ 

O-Brabant. 

• Saskia Ebus: Interictal epileptiform activity as a marker for clinical outcome. Supervisors: Prof.dr. A. Aldenkamp / 

Prof.dr. J. Arends, TUE / Prof.dr. P. Boon, Universiteit Gent, België.

• Inge Knuts: Experimental and clinical studies into determinants of panic severity. Supervisor: Prof.dr. I. Myin-

Germeys; Co-Supervisor: Dr. K. Schruers; Influencing panic. 

• Nienke Tielemans: Proactive coping post stroke: The Restored4Stroke Self-Management study. Supervisors: 

Prof.dr. C. van Heugten / Prof.dr. J. Visser-Meily, UMC Utrecht; Co-Supervisor: Dr. V. Schepers, UMC Utrecht.

• Tom van Zundert: Improvements Towards Safer Extraglottic Airway Devices. Supervisors: Prof.dr. A.E.M. Marcus 

/ Prof.dr. W. Buhre / Prof.dr. J.R. Brimacombe, Queensland, Australia / Prof.dr. C.A. Hagberg.

• Tijmen van Assen: Anterior Cutaneous Nerve Entrapment Syndrome Epidemiology and surgical management. 

Supervisors: Prof.dr. G.L. Beets / Prof.dr. M. van Kleef / Dr. R.M.H. Roumen / Dr. M.R.M. Scheltinga, MMC 

Veldhoven.

• Rohit Shetty: Understanding the Clinical, Immunological and Genetic Molecular Mechanisms of Keratoconus. 

Supervisors: Prof.dr. R.M.M.A. Nuijts / Prof.dr. C.A.B. Webers.

• Christine van der Leeuw: Blood, bones and brains; peripheral biological endophenotypes and their structural 

cerebral correlates in psychotic disorder. Supervisor: Prof.dr. J. van Os; Co-supervisor: Dr. M. Marcelis.

• Sanne Peeters: The Idle Mind Never Rests; functional brain connectivity across the psychosis continuum. 

Supervisor: Prof.dr. J. van Os; Co-supervisor: dr. M. Marcelis.

• Nick van Goethem: α7 nicotinic acetylcholine receptors and memory processes: mechanistic and behavioral 

studies. Supervisor: Prof.dr. H.W.M. Steinbusch; Co-supervisor: Dr. J. Prickaerts.

• Nicole Leibold: A Breath of fear; a translational approach into the mechanisms of panic. Supervisor: Prof.dr. 

H.W.M. Steinbusch; Co-supervisors: Dr. K.R.J. Schruers / Dr. D.L.A. van den Hove.

• Renske Hamel: The course of mild cognitive impairment and the role of comorbidity. Supervisor: Prof.dr. F.R.J. 

Verhey; Co-supervisors: Dr. I.H.G.B. Ramakers / Dr. P.J. Visser.

• Lucia Speth: Effects of botulinum toxin A injections and bimanual task-oriented therapy on hand functions and 

bimanual activities in unilateral Cerebral Palsy. Supervisors: Prof.dr. J. Vles; Prof.dr. R. Smeets; Co-supervisor: Dr. 

Y. Janssen-Potten, Adelante Hoensbroek.

• Yuan Tian: The effects of Lutein on the inflammatory pathways in age-related macular degeneration (AMD). 

Supervisors: Prof.dr. C. Webers; Prof.dr. A. Kijlstra, WUR; Co-supervisor: Dr. M. Spreeuwenberg; Dr. H. Tange.

• Peggy Spauwen: Cognition and Type 2 diabetes; the interplay of risk factors. Supervisors: Prof.dr. F. Verhey; Prof.

dr. C. Stehouwer; Co-supervisor: Dr. M. van Boxtel

• Marc Hilhorst: Crescentic glomerulonephritis in ANCA associated vasculitis. Supervisors: Prof.dr. J. Cohen-

Tervaert; Co-supervisor: Dr. P. van Paassen

• Martin Gevonden: The odd one out: exploring the nature of the association between minority status and 
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psychosis. Supervisors: Prof.dr. J-P. Selten; Prof.dr. J. Booij, Uva; Prof.dr. I. Myin-Germeys

• Bart Biallosterski: Structural and functional aspects of sensory-motor Interaction in the urinary bladder. 

Supervisors: Prof.dr. Ph. Van Kerrebroeck; Prof.dr. S. De Wachter, UvAntwerpen; Co-supervisors: Dr. G. van 

Koeveringe; Dr. M. Rahnama’i.

• Alexandra König: The use of information and communication technologies (ICT) for the assessment of patients 

with Alzheimer’s Disease and related disorders. Supervisors: prof.dr. F. Verhey; prof.dr. Ph. Robert, Nice, Fr; Co-

supervisors: dr. P. Aalten; dr. R. David, Nice. Fr.

• Michelene Chenault: Assessing Readiness for Hearing Rehabilitation. Supervisors: prof.dr. M.P.F. Berger; prof.dr. 

B. Kremer; Co-supervisor: dr. L.J.C. Anteunis.

• Anand Vinekar: Retinopathy of Prematurity. Recent advances in tele-medicine screening, risk factors and 

spectral domain optical coherence tomography imaging. Supervisor: prof.dr. C.A.B. Webers; Co-supervisor: dr. 

N.J. Bauer

• Fleur van Dooren: Diabetes and Depression: exploring the Interface between pathophysiological and 

Psychological factors. Supervisors: prof.dr. F.R.J. Verhey; prof.dr. J.K.L. Denollet, UvT; prof.dr. F. Pouwer, UvT; 

Co-supervisor: dr. M.T. Schram.

• Gabriëlla Pons van Dijk: Taekwondo and physical fitness components in middle-aged healthy volunteers; the 

Sekwondo study. Supervisors: prof.dr. J. Lodder; prof.dr. H. Kingma; Co-supervisor: dr. A.F. Lenssen.

• Yara Pujol López: Development and psychoneuroimmunological mechanisms in depression. Supervisor: prof.dr. 

H.W.M. Steinbusch; Co-supervisors: Dr. G. Kenis; Dr. D. van den Hove; Dr. Aye Mu Myint, München.

• Romina Gentier: UBB+1; an important switch in the onset of Alzheimer’s disease. Supervisors: Prof. H. 

Steinbusch; Prof. D. Hopkins; Co-supervisor: Dr. F. van Leeuwen.

• Sanne Smeets: Insights into insight: studies on awareness of deficits after acquired brain injury. Supervisor: 

Prof. C. van Heugten; Prof. R. Ponds; Co-supervisor: Dr. I. Winkens

• Kim Beerhorst: Bone disease in chronic epilepsy: fit for a fracture. Supervisor: Prof. A. Aldenkamp; Prof. R. van 

Oostenbrugge; Co-supervisor: Dr. P. Verschuure.

• Alex Zwanenburg: Cerebral and cardiac signal monitoring in fetal sheep with hypoxic-ischemic encephalopathy. 

Supervisor: Prof. T. Delhaas; Prof. B. Kramer; Co-supervisors: Dr. T. Wolfs; Dr. P. Andriessen, MMC.

• Ismail Sinan Guloksuz: Biological mechanisms of environmental stressors in psychiatry. Supervisor: Prof. J. van 

Os; Co-supervisors: Dr. B. Rutten; Dr. M. Drukker.

• Seyed Ehsan Pishva MD: Environmental Epigenetics in mental health and illness. Supervisor: Prof.dr. J. van Os; 

Co-supervisors: Dr. B.P.F. Rutten; Dr. G. Kenis.

• Ankie Hamaekers: Rescue ventilation using expiratory ventilation assistance; innovating while clutching at 

straws. Supervisors: Prof.dr. W.F. Buhre; Prof.dr. M. van Kleef.

• Rens Evers. 22q11.2 deletion syndrome: intelligence, psychopathology and neurochemistry at adult age. 

Supervisors: Prof.dr. L.M.G. Curfs; Prof.dr. T. v. Amelsvoort.

• Sarah-Anna Hescham. Novel insights towards memory restoration. Supervisor: Prof.dr.  

Y. Temel; Co-supervisor: Dr. A. Blokland; Dr. A. Jahanshahi.

• João P. da Costa Alvares Viegas Nunes. Insulin receptor sensitization improves affective  pathology in various 

mouse models. Supervisor: Prof.dr. H.W.M. Steinbusch; Co-supervisors: Dr. K-P. Lesch; Dr. T. Strekalova; Dr.B.H. 

Cline, Oxford.

• Yanny Ying-Yee Cheng. Clinical Outcomes After Innovative Lamellar Corneal Transplantation Surgery. Supervisor: 

Prof.dr. R.M.M.A. Nuijts; Co-supervisor: Dr. J.S.A.G. Schouten.

2016

• Oliver Gerlach. Parkinson’s disease, deterioration during hospitalization. Supervisor: Prof.dr. R. van 
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Oostenbrugge; Co-supervisor: Dr. W. Weber.

• Remo Arts. Intracochlear electrical stimulation to suppress tinnitus. Supervisor: Prof.dr. R.J. Stokroos; Co-

supervisor: Dr. E.L.J. Georg. 

• Mitchel van Eeden. The €- Restore4stroke study: Economic evaluation of stroke care in the Netherlands. 

Supervisors: Prof.dr.mr. S.M.A.A. Evers; Prof.dr. C.M. v. Heugten; Co-supervisor: dr. G.A.P. van Mastrigt. 

• Pim Klarenbeek. Blood pressure and cerebral small vessel disease. Supervisor: Prof.dr. R.J. van Oostenbrugge; 

Co-supervisor: Dr. J. Staals. 

• Ramona Hohnen. Peripheral pharmacological targets to modify bladder contractility. Supervisor: Prof.dr. Ph.E.V. 

van Kerrebroeck; Co-supervisors: Dr. G.A. van Koeveringe;  

Dr. M.A. Sahnama’i; Dr. C. Meriaux. 

• Ersoy Kocabicak. Deep brain stimulation of the subthalamic nucleus: Clinical and scientific aspects. Supervisors: 

Prof.dr. Y. Temel; Prof.dr. K. van Overbeeke; Co-supervisor: Dr. A. Jahanshahi. 

• Sven Akkerman. Temporal aspects of cyclic messenger signaling in object recognition memory; a pharmalogical 

approach. Supervisor: Prof.dr. H.W.M. Steinbusch; Co-supervisors: dr. J. Prickaerts; dr. A. Blokland.

• Anja Moonen. Emotion and Cognition in Parkinson’s disease; etiology and neurobiological mechanisms. 

Supervisor: Prof.dr. F.R.J. Verhey; Co-supervisor: dr. A.F.G. Leentjens. 

• Anna Schüth. Three-dimensional bladder tissue morphology. Supervisors: Prof.dr. G.A. van Koeveringe; Prof.dr. 

M. v. Zandvoort, Aachen; Prof.dr. Ph. V. Kerrebroeck.

• Elisabeth van der Ven. Ethnic minority position as risk indicator for autism-Spectrum and psychotic disorders. 

Supervisors: Prof.dr. J.P. Selten; Prof.dr. J. van Os.

• Zuzana Kasanova. Environmental reactivity for better or worse; The impact of stress and reward on 

neurochemistry, affect and behavior across the psychosis continuum. Supervisor: Prof.dr. I. Myin-Germeys, KU 

Leuven/UM; Co-supervisor: dr. D. Collip.

• Danielle Lambrechts. Ketogenic diet therapies; treatment for children and adults with refractory epilepsy. 

Supervisors: Prof.dr. H.J.M. Majoie; Prof.dr. J.S.H. Vles; Prof.dr. A.P. Aldenkamp; Co-supervisor: dr. A.J.A. de Louw, 

Kempenhaghe, Heeze.

• Frank van Bussel. Advanced MRI in diabetes; cerebral biomarkers of cognitive decrements. Supervisors: Prof.

dr.ir. W.H. Backes; Prof.dr. P.A.M. Hofman; Co-supervisor: dr. J.F.A. Jansen.

• Lisa Schönfeldt. Neurostimulation to treat brain injury? Supervisors: Prof.dr. Y. Temel; Prof.dr. S. Hendrikx, 

Hasselt; Co-supervisor: dr. A. Jahanshahi.

• Rianne Geerlings. Transition in patients with childhood-onset epilepsy; a long way to adulthood. Supervisor: 

Prof.dr. A.P. Aldenkamp; Co-supervisors:dr. A.J.A. de Louw,  

dr. L.M.C. Gottmer, Kempenhaeghe.

• Nele Claes. B cells as multifactorial players in multiple sclerosis pathogenesis: insights from therapeutics. 

Supervisors: Prof.dr. V. Somers, Hasselt; Prof.dr. R. Hupperts; Co-supervisors: Prof.dr. P. Stinissen, dr. J. 

Fraussen, Hasselt.

• Olaf Schijns. Epilepsy surgery and biomarkers from history to molecular imaging. Supervisors: Prof.dr. J.J. van 

Overbeeke; Prof.dr. H. Clustermann, Aachen; Co-supervisors: dr. G. Hoogland; dr. M.J.P. v. Kroonenburgh.

• Lizzy Boots. Balanced and Prepared; development and evaluation of a supportive e-health intervention for 

caregivers of people with early-stage dementia. Supervisors: Prof.dr. F.R.J. Verhey; Prof.dr. G.I.J.M. Kempen; Co-

supervisor: dr. M.E. de Vugt.

• Wouter Donders. Towards patient-specific (cerebro-) vascular model applications. Supervisors: Prof.dr. T. 

Delhaas; Prof.dr.ir. F.N. van de Vosse, TUE; Co-supervisor:  

dr.ir. W. Huberts.

• Sizzle Vanterpool. The implications of intrauterine invasion by microbes for placental Pathology and the 

occurrence of adverse pregnancy outcomes. Supervisor: Prof.dr. B.W. Kramer. Co-supervisors:  dr. J.V. Been, 
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Erasmus MC Rotterdam, dr. U von Rango.

• Manuela Heins. The Relationship between Social Adversity, Psychosis, and Depression across an Individual’s Life 

Span. Supervisor: Prof.dr. I. Myin-Germeys.

• Christianus van Ganzewinkel. NEONATAL PAIN; Out of Sight, Out of Mind? Supervisor: Prof.dr. B.W.W. Kramer; 

Co-supervisor: dr. P. Andriessen, MMC Veldhoven.

• Anne-Hilde Muris. Hype or hope? Vitamin D in multiple sclerosis; A clinical and immunological perspective. 

Supervisor: Prof.dr. R.M.M. Hupperts; Co-supervisor: dr. J.G.M.C. Damoiseaux, dr. J. Smolders

• Gerard Bode. The link between ceramide transporters, innate Immunity and Alzheimer’s disease. Supervisor: 

Prof.dr. M.H.V. de Baets; Co-supervisors: dr. P. Martinez, dr. M. Losen. 

•  Jo Stevens. Advanced diagnostics and therapeutics for Alzheimer’s disease. Supervisor: Prof.dr. M. de Baets; 

Co-supervisors: dr. M. Losen, dr. P. Martinez-Martinez.

• Rosan Luijcks. Stress and pain in muscles and brain; developing psychophysiological paradigms to examine 

stress and pain interactions.  Supervisors: Prof.dr. J.J. van Os; Prof.dr.ir. H.J. Hermens, UT; Co-supervisor: dr. R. 

Lousberg.

• M.C. Haanschoten. Towards efficient cardiac surgery – the integrating role of anesthesiology and intensive care. 

Supervisors: Prof. dr. W. Buhre; Prof. dr. A. van Zundert (Queensland); Co-supervisors: Dr. M.A. Soliman Hamad; 

Dr. A. van Straten (Catharina zkhs.)

• Harmen Jan van de Haar. Microvascular and blood-brain barrier dysfunction in Alzheimer’s disease. Supervisor: 

Prof.dr.ir. W. Backes; Prof.dr. F. Verhey; Co-supervisor: Dr. J. Jansen; Dr.ir. M. v. Osch, LUMC.

• Coenraad Itz. Chronic low back pain, considerations about: Natural Course, Diagnosis, Interventional 

• Treatment and Costs. Supervisor: Prof.dr. M. van Kleef; Prof.dr. F. Huygen, EUR; Co-supervisor: Dr. B. 

• Ramaekers.

• Willemijn Jansen. The Path of Alzheimer’s disease: from neuropathology to clinic. 

• Supervisor: Prof.dr. F. Verhey; Co-supervisors: Dr. P.J. Visser; Dr. I. Ramakers.

• Ligia dos Santos Mendes Lemes Soares. Phosphodiesterase inhibitors: a potential therapeutic approach for 

ischemic cerebral injury. Supervisor: Prof.dr. H.W.M. Steinbusch; Co-supervisors: Dr. R.M. Weffort de Oliveira, 

Brazil; Dr. J. Prickaerts

• Martijn Broen. Anxiety and depression in Parkinson’s disease. Supervisor: Prof.dr. R.J. van Oostenbrugge; Co-

supervisors: Dr. A.F.G. Leentjens; Dr. M.L. Kuijf.

• Sandra Schipper. Extrasynaptic receptors as a treatment target in epilepsy. Supervisor: Prof.dr. J.H.S. Vles; Co-

supervisors: Dr. G. Hoogland; Dr. S. Klinkenberg; Dr. M.W. Aalbers, RUG.

• João Casaca Carreira. Making sense of Antisense Oligonucleotides Therapy in Experimental Huntington’s 

disease. Supervisor: Prof.dr. Y. Temel; Co-supervisors: Dr. A. Jahanshahi; Dr. W. van Roon-Mom, LUMC.

• Dominique IJff. Trick or Treat? Cognitive side-effects of antiepileptic treatment. Supervisors: Prof.dr. A.P. 

Aldenkamp; Prof.dr. M. Majoie; Co-supervisors: Dr. J. Jansen; Dr. R. Lazeron, Kempenhaeghe.

• Alfredo Ramirez. Neurogenetic approach in neurodegenerative disorders. Supervisors: Prof.dr. B.P.F. Rutten; 

Prof.dr. H.W.M. Steinbusch; Prof.dr. M.M. Nöthen, University of Bonn. 

• Nienke Visser. Toric Intraocular lenses in cataract surgery. Supervisor: Prof.dr. R.M.M.A. Nuijts; Co-supervisor: 

Dr. N.J.C. Bauer.

• Jakob Burgstaller. Prognostic indicators for patients with degenerative lumbar spinal stenosis. Supervisor: Prof.

dr. M. van Kleef; Co-supervisors: Dr. M.M. Wertli, University of Zurich; Dr. H.F. Gramke.

• Mark van den Hurk. Neuronal Identity and Maturation: Insights from the Single-Cell Transcriptome. Supervisors: 

Prof.dr. H.W.M. Steinbusch; Prof.dr. B.P.F. Rutten; Co-supervisors: Dr. G. Kenis; Dr. C. Bardy, Adelaide.

• Maria Nikiforou. Prenatal stress and the fetal gut. Potential interventions to prevent adverse outcomes. 

Supervisors: Prof.dr. B.W. Kramer; Prof.dr. H.W. Steinbusch; Co-supervisor: Dr. T.G. Wolfs.

• Janneke Peijnenborgh. Assessment of cognition, time perception, and motivation in children. Supervisors: Prof.
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dr. J.S.H. Vles; Prof.dr. A.P. Aldenkamp; Co-supervisors: Dr. J. Hendriksen; Dr. P. Hurks.

• Joany Millenaar. Young onset dementia; towards a better understanding of care needs and experiences. 

Supervisors: Prof.dr. F. Verhey; Prof.dr. R. Koopmans, RUN; Co-supervisors: Dr. M. de Vugt; Dr. C. Bakker, RUN.

2017

• Adriana Smits. Perinatal factors and hearing outcome. Supervisors: Prof.dr. R.J. Stokroos; Prof.dr. B.W. Kramer; 

Prof.dr. B. Kremer.

• Angela Bouwmans. Transcranial sonography in parkinsonian disorders: clear window or blurred vision. 

Supervisor: Prof.dr. W.H. Mess; Co-promotores: Dr. W.E.J. Weber; Dr. A.F.G. Leentjens.

• Björn K. Stessel. Patient centred care after day surgery: scope for improvement. Supervisors: Prof.dr. W. Buhre; 

Prof.dr. B. Joosten. Co-supervisor: Dr. A.H. Gramke.

•  Jan Guy Bogaarts. Quantitative EEG and machine learning methods for the detection of epileptic seizures and 

cerebral asymmetry. Supervisor: Prof.dr. W.M. Mess; Co-supervisor: Dr.ir. J.P.H. Reulen; Dr.ir. E.D. Gommer.

•  Martin M. Müller. Pregnancy derived products for treatment of perinatal brain injuries. Supervisors: Prof.dr. 

B.W.W. Kramer; Prof.dr. D. Surbek, Bern; Co-supervisors: Dr. T. Wolfs; Dr. G. Gavilanes.

• Daan Ophelders. Novel treatment strategies for the protection of the preterm brain; Re-balancing inflammation 

and regeneration. Supervisor: Prof.dr. B. Kramer; Co-supervisor: Dr. T. Wolfs; Dr. R. Jellema.

• Rosalie van Knippenberg. Experience sampling in dementia care; an innovative intervention to support 

caregivers in daily life. Supervisors: Prof.dr. F. Verhey; Prof.dr. R. Ponds; Prof.dr. I. Myin-Germeys, KU Leuven; 

Co-supervisor: Dr. M. de Vugt.

• Claudia Vingerhoets. Investigating neurobiological mechanisms underlying comorbid cognitive symptoms in 

psychosis and substance use. Supervisors: Prof.dr. T. van Amelsvoort; Prof.dr. J. Booij, UvA; Co-supervisor: Dr. O. 

Bloemen

• Dennis Oerlemans. Evolution of Neuromodulation for Lower Urinary Tract Dysfunction; Past, Present and 

Future. Supervisors: Prof.dr. Ph. van Kerrebroeck; Prof.dr. G. van Koeveringe. Co-supervisors: Dr. E. Weil; Dr. T. 

Marcelissen.

• Marion Levy. Evaluation of BDNF/TrkB signaling as a common target in the treatment of major depression and 

Alzheimer’s disease. Supervisors: Prof.dr. H. Steinbusch; Prof. L. Lanfumey, Université Paris Descartes, France. 

Co-supervisors: Dr. G. Kenis; Dr. D. van den Hove.

• Patrick Domen. Stay connected: a family-based diffusion imaging study in psychotic disorder. Supervisor: Prof.

dr. J. van Os. Co-supervisor: Dr. M. Marcelis

• Geor Bakker. Innovative Approaches to Understanding the Neurobiology of Psychosis. Supervisors: Prof.dr. T. 

van Amelsfoort; Prof.dr. J. Booij, UvA. Co-supervisor: dr. M. Caan, UvA; dr. O. Bloemen.

• Wilma Boevink. HEE! Over Herstel, Empowerment en Ervaringsdeskundigheid in de psychiatrie. Supervisors: 

Prof.dr. J. van Os; Prof.dr. Ph. Delespaul. Co-supervisor: dr. H. Kroon.

• Nataliia Markova . Modified swim test as a mouse depression paradigm of enhanced Cognitive processing: the 

role of GSK3β. Supervisor: Prof.dr. H. Steinbusch; Prof.dr. K-P. Lesch, University of Wuerzburg. Co-supervisor: 

Dr. T. Strekalova.

• Merijn van de Laar. Individual differences in insomnia; implications of Psychological factors for diagnosis and 

treatment. Supervisor: Prof.dr. A. Aldenkamp; Prof.dr. D. Pevernagie, Universiteit Gent. Co-supervisor: Dr. S. 

Overeem, TUE.

• Willem Buskermolen. If only I could tell …; Measuring predictors for challenging 

• behaviour in people with both intellectual disability and hearing impairment. 

• Supervisor: Prof.dr. A. Aldenkamp. Co-supervisor: Dr. J. Hoekman, UL.

• Kay Deckers. The role of lifestyle factors in primary prevention of dementia; an epidemiological perspective. 
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Supervisor: Prof.dr. F. Verhey. Co-supervisor: Dr. M.  van Boxtel; Dr. S. Köhler.

• Brechje Dandachi-FitzGerald. Symptom validity in clinical assessments. Supervisors: Prof.dr. R. Ponds; Prof.dr. F. 

Verhey.

• Maurice Theunissen. Understanding factors affecting postoperative Quality of Life. Supervisors: Prof.dr. M. 

Peters, Prof.dr. M. Marcus. Co-supervisor: Dr. H. Gramke.

• Anna Cleutjens. COgnitive-Pulmonary Disease? Neuropsychological functioning in patients with COPD. 

Supervisors: Prof.dr. E. Wouters, Prof.dr. R. Ponds. Co-supervisors: Dr. D. Janssen, Horn, Dr. J. Dijkstra.

• Laura Serpero. Next Generaton Biomarkers in Perinatal Medicine: S100B Protein. Supervisors: Prof.dr. D. 

Gazzalo, Alessandria, Italy; Prof.dr. B..W.W. Kramer. Co-supervisor: Dr. A.W.D. Gavilanes. 

• Alessandro Varrica. S100B Protein and Congential Heart Diseases: Brain Aspects. Supervisors: Prof.dr. D. 

Gazzalo, Alessandria, Italy; Prof.dr. J.S.H. Vles; Prof.dr. L.J.I. Zimmermann. Co-supervisor: Dr. A.W.D. Gavilanes. 

• Pim R.A. Heckman. Targeting phosphodiesterase type 4 for improving cognitive fronto-striatal function: a 

translational approach. Supervisor: Prof.dr. J.G. Ramaekers. Co-supervisors: Dr. J.H.H.J.. Prickaerts; Dr. A. 

Blokland. 

• Sven van Poucke. Platelets, form sample to big data; exploring granularity in platelet research. Supervisors: Prof.

dr. M.A.E. Marcus; Prof.dr. W. Buhre. Co-supervisor: Dr. M. Lancé.

• Désirée M.J. Vrijens. Dysfunctions of the Lower Urinary Tract and Affective Symptoms. Supervisors: Prof.dr. 

Ph.E.V. van Kerrebroeck; Prof.dr. G.A. van Koeveringe. Co-supervisors: Dr. C. Leue.

• Tamar van Veenendaal. Neurotransmitters & Networks. An MR view on epilepsy and antiepileptic drugs. 

Supervisors: Prof.dr.ir. W.H. Backes; Prof.dr. A.P. Aldenkamp. Co-supervisor: Dr. J.F.A. Jansen.

• Evelien M. Barendse. Autism Spectrum Disorders in High functioning Adolescents; Diagnostic considerations 

(AHA). Supervisors: Prof.dr. A.P. Aldenkamp; Prof.dr. R.P.C. Kessels, Radboud University.

• Roy Lardenoije. A venture into the epigenetics of aging and Alzheimer’s Disease. Supervisors: Prof.dr. B.P.F. 

Rutten; Prof.dr. H.W.M. Steinbusch. Co-supervisors: Dr. D. van den Hove; Dr. C.A. Lemere, USA.
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Linda Marlies Rolf was born on August 12th 1988 in Barneveld (the Netherlands), and 
grew up in Stiens (province of Friesland). She graduated from secondary school in 2006 
(Christelijk Gymnasium Beyers Naudé, Leeuwarden), and consequently attended medical 
school (University of Groningen, the Netherlands). During her senior internships in the 
Medical Center of Leeuwarden she became fascinated by neurology. Hence, her final year 
was dominated by this specialism. Her graduation research project, regarding quality of life 
of patients with multiple sclerosis, got her energized to continue in research in the field 
of multiple sclerosis. After graduating medical school she therefore moved to Maastricht, 
to become a PhD student at Maastricht University investigating clinical and immunological 
effects of vitamin D in multiple sclerosis. The results of her PhD trajectory at the ‘Vitamin D 
in MS’ research group, supervised by prof. dr. Raymond Hupperts, dr. Jan Damoiseaux and 
dr. Joost Smolders, are presented in this thesis. She wishes to continue working both as a 
medical doctor and a researcher in the field of neurology. As from July 2017 she is working at 
the department of Neurology in the Zuyderland Medical Center.
 
 
Linda Marlies Rolf werd geboren op 12 augustus 1988 te Barneveld en groeide op in 
Stiens. Het voortgezet onderwijs volgde ze aan het Christelijk Gymnasium Beyers Naudé 
in Leeuwarden, waar zij in 2006 haar diploma behaalde. Vervolgens ging zij geneeskunde 
studeren in Groningen. Tijdens haar senior coschappen in het Medisch Centrum 
Leeuwarden raakte zij gefascineerd door het vak neurologie en koos haar afstudeerstages 
binnen dit vakgebied. Haar afstudeeronderzoek, met als onderwerp de kwaliteit van leven 
van patiënten met multiple sclerose, was voor haar aanleiding om verder onderzoek te willen 
doen op het gebied van multiple sclerose. Na haar afstuderen in 2012 verhuisde zij naar 
Maastricht, waar ze als PhD-studente startte aan de Universiteit van Maastricht en binnen 
het academisch MS Centrum Limburg. De resultaten van haar onderzoek bij de ‘vitamin D in 
multiple sclerose’ onderzoeksgroep, onder supervisie van prof. dr. Raymond Hupperts, dr. 
Jan Damoiseaux en dr. Joost Smolders, staan beschreven in dit proefschrift. Zij hoopt haar 
toekomstige werkzaamheden als arts en onderzoeker voort te kunnen zetten binnen het 
vakgebied neurologie.
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• Rolf L, Damoiseaux J, Huitinga I, Kimenai D, Van den Ouweland J, Hupperts R, Smolders 
J. Stress-axis regulation by vitamin D3 in multiple sclerosis. Submitted.

• Rolf L, Muris A-H, Theunissen R, Hupperts R, Damoiseaux J, Smolders J. Effect of vitamin 
D3 supplementation on CD25 expression in multiple sclerosis. Submitted.   

• Rolf L, Muris A-H, Matthias A, Du Pasquier R, Koneczny I, Disanto G, Kuhle J, 
Ramagopalan S, Damoiseaux J, Smolders J, Hupperts R. Exploring the effect of vitamin 
D3 supplementation on the anti-EBV antibody response in relapsing remitting multiple 
sclerosis. Multiple Sclerosis Journal. In press 

• Smolders J, Rolf L, Damoiseaux J, Hupperts R. On the ethics of not supplementing low 
25-hydroxyvitamin D levels in a controlled study in relapsing remitting multiple sclerosis. 
J Neurol Sci. 2017; 379:331

• Rolf L, Muris A-H, Bol Y, Damoiseaux J, Smolders J, Hupperts R. Vitamin D3 supplementation 
in multiple sclerosis: symptoms and biomarkers of depression. J Neurol Sci. 2017; 
378:30-35. 

• Muris A-H, Smolders J, Rolf L, Thewissen M, Hupperts R, Damoiseaux J. Immune 
regulatory effects of high dose vitamin D3 supplementation in a randomized controlled 
trial in relapsing remitting multiple sclerosis patients receiving IFNβ; the SOLARIUM 
study. J Neuroimmunol. 2016; 15:47-56.

• Rolf L, Damoiseaux J, Hupperts R, Huitinga I, Smolders J. Network of nuclear receptor 
ligands in multiple sclerosis: common pathways and interactions of sex-steroids, 
corticosteroids and vitamin D3-derived molecules. Autoimmun Rev. 2016; 15:900-10.

• Muris A-H, Smolders J, Rolf L, Klinkenberg L, Van der Linden N, Meex S, Damoiseaux 
J, Hupperts R. Vitamin D status does not affect disability progression of patients with 
multiple sclerosis over three year follow-up. PLoS One. 2016; 11:e0156122.

• Rolf L, Muris A-H, Hupperts R, Damoiseaux J. Illuminating vitamin D effects on B cells – 
the multiple sclerosis perspective. Immunology. 2016; 147:275-84.

• Muris AH*, Rolf L*, Broen K, Hupperts R, Damoiseaux J, Smolders J. A low vitamin D 
status at diagnosis is associated with an early conversion to secondary progressive 
multiple sclerosis. J Steroid Biochem Mol Biol. 2015; 164:254-257.

• Muris AH, Rolf L, Damoiseaux J, Koeman E, Hupperts R. Fingolimod in active multiple 
sclerosis: an impressive decrease in Gd-enhancing lesions. BMC Neurol. 2014; 14:164.

• Rolf L, Muris A-H, Hupperts R, Damoiseaux J. Vitamin D effects on B cell function in 
autoimmunity. Ann N Y Acad Sci. 2014; 1317:84-91.
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after initiation of fingolimod for multiple sclerosis treatment. Neurology. 2014; 82:1008-
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De belangrijkste ingrediënten en benodigdheden voor een succesvol promotietraject zijn de 
mensen om je heen. Mensen die je inspireren, motiveren, je helpen en je steunen. Daarom 
ben ik blij dat ik op deze pagina’s de mogelijkheid heb de mensen te bedanken die belangrijk 
voor mij zijn geweest in het hele traject en voor de totstandkoming van dit proefschrift, de 
kers op de taart (of vlaai…) na ruim vier jaar onderzoek doen.

Alvorens ik een aantal personen bij naam ga noemen wil ik graag bedanken:
• Alle patiënten met MS en alle vrijwillige bloeddonoren voor hun deelname aan de 

verschillende studies. 
• De beoordelingscommissie, voor het kritisch lezen en beoordelen van dit proefschrift. 
• Also, I would like to thank all our collaborators and sponsors.

Om te beginnen wil ik mijn grote dank uitspreken aan mijn promotieteam: Prof. Dr. Raymond 
Hupperts, Dr. Jan Damoiseaux en Dr. Joost Smolders. Beste Raymond, met jouw expertise, 
connecties en goodwill was er zoveel mogelijk. Ook tussen alle hectiek van de kliniek en 
de vele studies door, had je altijd wel een momentje voor een vraag van mij. Bedankt voor 
het vertrouwen, de vaak supersnelle reacties en je optimistisme. Beste Joost, je bent een 
groot voorbeeld voor me. Wat heb ik veel gehad aan jouw onuitputtelijke en aanstekelijke 
enthousiasme, frisse blik en oplossingsgerichtheid. Jan, ik had me geen betere dagelijkse 
begeleider kunnen wensen. Bedankt voor al je tijd, de deur die altijd voor me open stond, je 
snelle feedback, en je enorme betrokkenheid. Tijdens mijn ‘sollicitatiegesprek’ vroeg je aan 
mij wat ik voor hobby’s had. Een van mijn antwoorden was toen ook: koken. De volgende 
vraag was of ik me aan het recept hield. Een strikvraag natuurlijk! Nu weet ik wat het goede 
antwoord moet zijn: bij bakken volg ik het recept, bij koken 
gebruik ik het als richtlijn. Laboratoriumonderzoek kun je 
zien als bakken, je moet het plan volgen en nauwkeurig 
afwegen anders kun je nooit twee gelijke cakes maken. 
De rest van het onderzoekstraject lijkt meer op koken: 
je hebt vaak meerdere handen nodig, moet hier en 
daar improviseren of bijsturen en vooral je creativiteit 
benutten. 

Anne-Hilde, lieve collega en vriendin. Je hebt me de fijne kneepjes van het lab-werk 
bijgebracht en ik kon met al mijn vragen bij je terecht. Ik bewonder je planningsvermogen 
en je gestructureerde manier van werken. Iets waaraan ik geprobeerd heb een voorbeeld te 
nemen. Hoe fijn was het ook om samen te brainstormen over projecten en over MS in het 
algemeen. Vooral toen we samen een kamer gingen delen hebben we heel wat discussies 
gevoerd. Hoewel ik ik je geregeld uit je concentratie moet hebben gehaald, heb je altijd 
met geduld naar me geluisterd. Daarnaast hebben we het samen enorm gezellig gehad, 
zowel binnen als buiten de muren van de uni. Gezellige lunches, maar ook etentjes thuis, 
en uiteraard de congressen samen, waaronder natuurlijk de ECTRIMS in Barça en Londen 
samen met Joost. Mijn laatste jaar zonder jou heb ik je dan ook erg gemist op de werkvloer. 

“Of ik me aan 
het recept 

hield…”
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Gelukkig bleven we contact houden en mag ik je ook in mijn nieuwe baan weer collega 
noemen! Dankjewel voor alles! 

Evelyn en Stephanie, jullie waren samen met Joost de 
ontdekkingsreizigers op VitD-in-MS gebied in Maastricht. 
Een avontuur waarin Mariëlle ook belangrijk was. Door 
jullie werden nieuwe richtingen ingeslagen. Bedankt voor 
het banen van de weg. 

De dames van het academisch MS centrum Limburg zijn zeker onmisbaar geweest voor 
onze klinische studies. Ongelooflijk hoe jullie overzicht houden in die wirwar van trials, en 
ook nog de juiste kandidaten voor mij wisten te vinden. Bertine en Ingrid, jullie hebben je 
vanaf het allereerste moment, nog tijdens mijn stage wetenschap, over me ontfermd en 
sindsdien altijd voor me klaargestaan. Jullie zijn fantastisch! En ook Tiny, Mariëlle, Judith, 
Maartje, Sandra, Lianne, Jolanda en Ans, ik kon op jullie rekenen. Ik heb altijd met plezier bij 
jullie gewerkt, en genoten van jullie vrolijke damespraatjes in Limburgs dialect. Ik ben jullie 
heel dankbaar voor al jullie hulp en de fijne samenwerking.

Ook in de andere centra waar de ‘stress-studie’ liep ben ik enorm geholpen door enthousiaste 
en welwillende mensen. In Heerlen waren dat Ton van Diepen en natuurlijk Marcia Jeukens. 
In Nijmegen werd ik hartelijk welkom geheten door Wim Verhagen, en stonden Helma, 
Jolique en Patricia altijd voor mij klaar. Bedankt voor jullie hulp en de fijne samenwerking. 

De ‘stress-studie’ zou onszelf nog veel meer stress hebben opgeleverd als we niet zo’n 
prettige samenwerking hadden met de mensen in de ziekenhuisapotheek (Rob Janknegt, 
Carlotta, Fieke, Carlijn en Christianne) en in de laboratoria (in Sittard: Joop ten Kate en Kelly 
Broen; in Nijmegen: Jody van den Ouweland, Henny en Marjan; in Maastricht: Judith Bons en 
Nancy). Bedankt allemaal voor jullie inspanningen.

Yvonne Bol en Inge Huitinga, bedankt dat ik op jullie expertise kon terugvallen. Een kritische 
blik en welkome suggesties zorgden voor puntjes op de i.

Veel werk deed ik uiteindelijk in het lab, eerst op UNS50 en later op het centraal diagnostisch 
laboratorium (CDL). Ook daar kon ik bij diverse mensen terecht. José en Maria, het was fijn 
bij jullie, jammer dat we moesten verhuizen naar de neuroscience. Gelukkig waren er nog de 
lunchafspraken, samen met Erik, Nele en Lucienne. Tussen de dames van de hematologie/
cluster 2 was het later ook fijn werken. Bedankt allemaal! Verder Jozien, wil ik jou in het 
bijzonder bedanken. Ik wens je succes met je coaching-carrière. Ik weet zeker dat veel 
mensen, net als ik, heel veel aan je zullen hebben. 

Dank ook aan de stafleden van het CDL voor de interesse en kritische vragen tijdens refereer 
meetings. En bedankt Serva, voor alle logistieke zaken en het keer op keer regelen van mijn 
toegang tot het CDL, en Petal, voor onder andere de bestel- en koeriersdiensten.

Ruud, hoewel je pas laat betrokken werd bij mijn projecten, zorgde je wel voor de finishing 
touch! Bedankt voor je mooie werk.

“Een wirwar 
van trials”
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For our B cell projects I am grateful to Inga Konezcny for her enthusiastic help with, amongst 
others, the IgG ELISA’s. Also a special thanks to Renaud Du Pasquier and Amandine: despite 
the long distance, our collaboration was great. Amandine, 
thanks for all the work you put into the ELISPOT assays. 
Giulio Disanto, Sreeram Ramagopalan, Jens Kuhle and 
Thomas Klimkait, many thanks for the help with the anti-
EBNA-1 IgG data and manuscript.

Ook wil ik heel graag bedanken alle studenten die hebben bijgedragen aan ons onderzoek: 
Loubna, Seneh, Loes, Marcel, Femke, Yassin en Stefan. Geweldige souschefs! Jullie handen 
waren meer dan welkom, maar bovenal ook jullie gezelschap. Samen maakten we een mooi 
team. Ik hoop dat ik ook in de toekomst nog zo af en toe iets van jullie zal horen! Ik wens jullie 
in ieder geval veel succes in de toekomst!
     
Promovendi van het CDL, het Tropinine Team: Lieke, Dorien, Judith, Noreen en Sander, wat 
fijn dat jullie Anne-Hilde en mij zo warm welkom heetten in jullie groep! Zeker na het vertrek 
van Anne-Hilde zorgden jullie ervoor dat ik me niet alleen hoefde te voelen. Naast gezelschap 
en leuke activiteiten (escape rooms/ borrels / lekker tennissen, hè Judith =) ), kon ik ook nog 
bij jullie terecht voor prangende vragen over statistiek (thnx Dorien!), voor een helpende 
prikhand of om ‘gewoon ff mijn ei kwijt te kunnen’. Nog veel fijner werd het toen ik ook 
een zitplek kreeg op het CDL, waar het met Stephanie en later Glenn wat vol maar ook erg 
gezellig in het kleine kantoortje werd. Superbedankt allemaal! En Dorien, Judith, Noreen, 
Stephanie en Wim (de laatste TT-aanwinst) veel succes met jullie laatste loodjes/traject.

Veel mensen vragen zich af hoe ik vanuit het uiterste 
noorden van Nederland in het uiterste zuiden ben beland 
om te werken aan MS onderzoek. Het antwoord daarop is 
Martijn Beenakker, die daarom zeker niet kan ontbreken 
in deze dankjewel-lijst! Ook de andere mensen van de 
vakgroep neurologie (neurologen én nurse-practioners) in 
Leeuwarden wil ik bedanken voor het aanwakkeren van 
mijn enthousiasme voor de neurologie. Zonder jullie zou 
ik nooit zo zeker de keuze hebben kunnen maken voor de 
stappen na mijn studie.

Buiten het werk om zijn er ook veel mensen geweest die de afgelopen jaren een belangrijke 
rol hebben gespeeld. Misschien niet vanwege hun inhoudelijke bijdrage aan het proefschrift, 
maar door een ‘holistische benadering’ van het succes van deze promovendus.

Mijn lieve vrienden, waar en wanneer dan ook: jullie zijn er! Of het nu voor een peptalk is, 
voor tips of voor gewoon gezellig kletsen of iets leuks doen. Lieve Meik, wat heb ik er vaak van 
gebaald dat we niet meer samen in Ljouwert zaten, toch bleek de afstand maar een detail 
voor onze vriendschap ;). En dan Floortje, zelfs al zat je in New York, bijna dagelijks appten 
we elkaar! De week in New York was natuurlijk geweldig, maar fijn om je weer wat dichterbij 
te hebben. Lieve Femke, femmiej, we volgden parallelle wegen sinds groep 6 en hebben 

“Geweldige 
souschefs!”

“Vriendschap: 
afstand is 
maar een 

detail.”
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elkaar nooit uit het oog verloren. Jij weet als geen ander wat promoveren inhoudt. En who 
needs vitamin D? Een dosis van jouw humor en ik kan er weer tegenaan. Lieve Nicky, onze 
vriendschap was een geschenk uit D’n Hiemel! Naast salsa bleken we veel meer gezamenlijke 
passies te hebben, waaronder koken & bakken natuurlijk. Hopelijk blijven we nog heel lang 
samen genieten van uitgebreid tafelen. Eva, de woensdagavond was altijd een feest met jou, 
eerst lekker hardlopen en daarna spelletjes spelen. Verder werken jouw dromen, doelen en 
levenslust aanstekelijk! Van 10 mile lopen naar 400 km fietsen in Tanzania/Kenia. Kyr, mijn 
lieve maatje uit GNSK jaar 1, kijk nu eens wat we hebben bereikt! En na de updates van onze 
reizen, ben ik zo blij dat we samen naar Afrika konden gaan! Bart, Arjen en Ruth, we hebben 
een toffe voorbereidingstijd gehad, maar ik wil wedden dat de Africa Classic nog toffer was 
dan we van tevoren konden bedenken! Dear Gwendolyn and Nicolas, good neighbors are 
worth a lot! I enjoyed the many ‘parties’ (game-, raclette-, plancha-) together. Anita en Mark, na 
salsa in Suriname, werd het tennis in Limburg. Hoe fijn was het om met jullie even lekker een 
balletje te slaan! En dan zijn er natuurlijk nog Tessa, Leonie, Anne Marijn, Elisabeth, Pepijn, 
Michiel & Hilal, Anne & Xander, en Ilse & Edwin! Bedankt voor o.a. de goede gesprekken, 
gezellige etentjes, wandelingen, escape-rooms, luisterende oren en adviezen.

Lieve pap en mams, Jelle en Marije, en Margriet, Ed en mijn 
extra broer(tje)s en zusjes, soms wilde ik dat het mooie 
Maastricht gewoon lekker in Fryslân lag, maar juist na zo’n 
lange rit was het extra fijn om thuis te komen bij jullie. 
Henk, Lisa en Nina, dat geldt natuurlijk ook voor jullie. 
Opa en oma, ik hoop dat jullie net zo trots zijn als toen ik 
afstudeerde! 

En natuurlijk (save the best for last!:P): lieve Emile, dankje 
dat je met me mee ging. Dit avontuur hebben we gehad. 
Op naar het volgende, samen.

“Na een lange 
rit was het 
extra fijn 

thuiskomen!”
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