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1. INTRODUCTION TO DISCUSSION

This	general	discussion	consists	of	three	parts.	In	the	first	part,	I	will	summarize	and	
discuss the results that are described in this thesis. In the second part, the clinical 
relevance	of	the	findings	and	the	remaining	challenges	associated	with	exploiting	the	
identified	processes	as	a	therapeutic	target	will	be	discussed.	In	the	third	and	final	part	
of the discussion, a challenging view on how one may also describe MS is stated. 

2. DISCUSSION OF OBTAINED RESULTS

Multiple	 sclerosis	 (MS)	 is	 an	 inflammatory-mediated	 demyelinating	 disease	 of	 the	
human	central	nervous	system	(CNS).	 Infiltrated	monocyte-derived	macrophages,	as	
well	as	brain-resident	activated	microglia,	produce	a	variety	of	cytotoxic	 factors	and	
cytokines and thereby contribute to CNS damage and associated neurodegeneration. 
Astrocytes may contribute to, or even underlie, the pathogenesis of the disease. In this 
thesis, we demonstrated that astrocytes play a multifaceted role in the pathology of 
multiple	sclerosis,	both	in	respect	to	neuroinflammation	as	well	as	neurodegeneration.	
In	this	discussion	we	will	summarize	and	discuss	the	results	obtained	in	the	thesis.

2.1 Astrocytes, blood-brain barrier function and leukocyte infiltration (Ch. 2 & 4)

Astrocytes are the gatekeepers of the brain as they regulate and form an essential 
part of the neurovascular unit, thereby regulating the neuroprotective function of 
the	blood-brain	barrier	(BBB).	The	BBB	is	a	selective	barrier,	composed	of	specialized	
brain	endothelial	cells	which	are	tightly	interconnected	through	specific	tight	junction	
proteins.	This	barrier	limits	the	passage	of	immune	cells	and	harmful/toxic	molecules	
from the circulation into the CNS and vice versa. Dysfunction of this barrier represents 
an early event during the course of MS [1–3]. Under pathological conditions, astrocytes 
generally undergo a dramatic transformation referred to as reactive astrocytosis. 
As	a	 result,	 the	 effect	 that	 astrocytes	 exert	 on	 the	BBB	also	 changes	 [4].	 Since	BBB	
dysfunction is an important hallmark of MS pathogenesis, investigating the role of 
(reactive) astrocytes in this process is of great importance. The pivotal role of astrocytes 
in	regulating	immune	cell	trafficking	over	the	BBB	comes	from	multiple	studies	in	which	
astrocytes	are	either	ablated,	or	 genetically	modified.	Complete	ablation	of	 reactive	
astrocytes	is	associated	with	increased	infiltration	of	lymphocytes	in	a	mouse	model	
for	 traumatic	 brain	 injury	 [5].	 Specific	 interventions,	 such	 as	 the	 downregulation	 of	
gp130,	the	signal-transducing	receptor	for	IL-6	family	cytokines,	expressed	on	reactive	
astrocytes	in	the	experimental	autoimmune	encephalomyelitis	(EAE)	mouse	model	for	
MS	also	had	detrimental	effects.	These	effects	include	increased	numbers	of	infiltrating	
immune	cells,	more	widespread	microglial	activation	and	larger	lesions	[5,6].	It	therefore	
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appears	that	reactive	astrocytes	have	an	important	beneficial	role	in	the	prevention	of	
immune	cell	infiltration.	

However, astrocytes play a dual role in MS pathogenesis, as astrocytes are also a 
crucial source of chemoattractants when activated, and thus are involved in the 
recruitment of immune cells. Furthermore, reactive astrocytes are important drivers 
of	BBB	breakdown,	as	they	can	modulate	the	expression	and	localization	of	endothelial	
tight	junction	proteins	[7].	In	addition	to	the	maintenance	and	regulatory	function	that	
astrocytes	exert	on	the	BBB,	astrocytes	can	secrete	vascular	growth	factors	to	induce	
angiogenesis, a process that mainly occurs during development, but also after brain 
ischemia to re-establish blood circulation [8]. There is growing evidence for increased 
angiogenesis	in	MS	and	in	EAE	as	well	[2,9,10],	so	a	role	for	astrocytes	in	this	process	
is not unlikely. In chapter 4 of this thesis we describe a profound downregulation of 
astrocytic angiopoietin-like 4 (ANGPTL4) in active MS lesions. ANGPTL4 is a member of 
the angiopoietin/angiopoietin-like gene family and known to be involved in angiogenesis 
[11,12].	We	 show	 that	 ANGPTL4	 affects	 the	 ability	 of	microglia	 and	macrophages	 to	
process myelin debris via its inhibitory potential of lipoprotein lipase (LPL, which will be 
further discussed below). However, while vessel abnormalities, including impaired BBB 
function,	are	well	documented	in	MS	[13],	we	do	not	describe	effects	of	ANGPTL4	on	the	
vasculature	in	the	context	of	MS	in	this	thesis.	We	however	did	recently	describe	that	
the	increase	in	astrocytic	expression	of	ANGPTL4	affects	the	formation	of	pathological	
blood	 vessels	 in	 the	brain	of	Alzheimer’s	disease	 (AD)	 cases	 throughout	 the	 cortical	
layers, especially in areas with vascular amyloid deposition [14] (discussed in more detail 
in	the	next	paragraph).	It	is	therefore	plausible	that	ANGPTL4	is	also	involved	in	other	
processes of MS pathophysiology besides the regulation of macrophage functioning. 
We	thus	asked	ourselves	whether	dysregulation	of	ANGPTL4	in	MS	lesions	affects	the	
surrounding endothelial cells and BBB properties. To address this question, we used 
the	in	vitro	BBB	model	composed	of	human	brain	endothelial	cells	(hCMEC/D3)	of	which	
we	monitored	transendothelial	electric	resistance,	as	a	measure	for	BBB	integrity	[15].	
Using this in vitro model, we were unable to detect changes in barrier function between 
the	 ANGPTL4	 treated	 and	 non-treated	 group	 under	 control	 or	 inflamed	 conditions	
(using	TNFα/IFNγ)	(Figure	1	A&B).	Furthermore,	we	investigated	gene	expression	levels	
of	BBB-related	genes,	including	the	tight	junction	protein	occludin,	and	the	cell	adhesion	
molecule	 ICAM-1.	 Treatment	 of	 confluent	 cultures	 of	 hCMEC/D3	 cells	with	 ANGPTL4	
did	 not	 lead	 to	 changes	 in	 their	 gene	 expression	 levels	 under	 control	 and	 inflamed	
conditions	 (Figure	 1	 C&D).	 Together,	 these	 findings	 suggest	 that	 downregulation	 of	
astrocytic	ANGPTL4	in	MS	lesions	has	possible	no	significant	impact	on	BBB	integrity,	in	
contrast	to	our	findings	in	Alzheimer	patients.	A	possible	explanation	for	these	findings	
might	be	the	differences	in	the	microenvironment	as	the	predominant	feature	of	the	
MS	 microenvironment	 is	 inflammation,	 while	 in	 AD	 the	 microenvironment	 is	 more	
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characterized	by	the	presence	of	extracellular	amyloid-β	 (Aβ)	plaques,	 intraneuronal	
neurofibrillary	tau	tangles	and	hypoxia	[16,17].	While	the	presence	of	Aβ	doesn’t	affect	
ANGPTL4	expression	 in	vitro	[14]	ANGPTL4	expression	 is	 induced	by	hypoxia	[18,19].	
We	therefore	think	that	the	reduced	expression	of	ANGPTL4	on	reactive	astrocytes	in	
MS lesions is more limited to the regulation of remyelination and repair via crosstalk 
with microglia and/or macrophages.  

Inflammation-mediated	BBB	dysfunction	allows	immune	cells	to	cross	the	BBB,	enter	
the brain and initiate MS lesion formation. However, migration over the BBB is not the 
only step needed for immune cells to gain access to the CNS. Immune cells that migrate 
over the brain endothelium and its associated endothelial basement membrane end up 
in the perivascular space (PVS) and encounter a second barrier, the glial limitans (GL), 
which	is	formed	by	astrocytes	[20,21].	It	is	not	yet	entirely	clear	what	mechanisms	are	
employed	by	immune	cells	to	migrate	over	the	GL,	but	it	is	clear	that	they	differ	from	
leukocyte transmigration over BBB endothelial cells. 

FIGURE 1. Effect of ANGPTL4 on barrier function of brain endothelial cells.	 Exposure	 of	
confluent	monolayers	of	brain	endothelial	cells	to	5ng	ANGPTL4	does	not	affect	barrier	integrity	
compared	 to	 vehicle	 as	 measured	 by	 ECIS	 (a).	 Exposure	 of	 confluent	 monolayers	 of	 brain	
endothelial	cells	to	5ng	ANGPTL4	after	barrier	disruption	with	TNFα/IFNγ	does	influence	barrier	
integrity	compared	to	vehicle	 (b)	Barrier	related	gene	expression	(Occludin	(c))	and	ICAM-1	(d))	
in	brain	endothelial	cells	are	not	affected	by	exposure	to	5ng	ANGPTL4	for	24	hrs,	either	with	
or	without	pre-treatment	with	TNFα/IFNγ.	Results	of	C	&	D	are	shown	in	mean	+/-	SEM	(N	=	3,	
Student’s	t-test)
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A	recent	study	showed	that	under	 inflammatory	conditions,	astrocytes	express	tight	
junction	protein	claudin-4	(CLDN4),	claudin-1	(CLDN1)	and	JAM-A	at	the	GL	to	further	
seal this second barrier, thereby preventing migration of T cells from the PVS into the 
CNS	[22].	The	model	the	authors	describe	proposes	that	the	endfeet	of	astrocytes	are	
interconnected	via	the	tight	junction	proteins.	We	however	describe	in	chapter	2	that	
endfeet of astrocytes are not in direct contact with other endfeet, but instead their 
protrusions directly interact with T cells located in the PVS. This interaction, mediated 
via	the	tight	junction	protein	CLDN4	expressed	on	astrocytes	and	β2	integrins	expressed	
on	T	cells,	appears	to	trap	the	T	cells	inside	the	PVS,	preventing	further	infiltration	into	
the	CNS.	Whether	CLDN1	and	JAM-A	are	also	involved	in	such	mechanisms	remains	to	
be	investigated.	Based	on	our	findings,	we	postulate	that	astrocytes	upregulate	tight	
junction	proteins	to	further	restrict	the	entry	of	immune	cells	into	the	CNS.	However,	
during	 MS	 pathogenesis	 immune	 cell	 infiltration	 still	 occurs	 and	 is	 not	 efficiently	
prevented	by	astrocytes.	A	known	mechanism	utilized	by	immune	cells	to	migrate	over	
the	GL	involves	the	production	of	matrix	metalloproteinases	(MMPs).	MMPs	are	secreted	
by astrocytes and T cells within the PVS and facilitate leukocyte entry over the GL into 
the	CNS	[23].	In	addition,	it	has	been	shown	that	these	proteinases	are	also	capable	of	
degrading	CLDN1	and	CLDN4	[22],	which	results	in	the	loss	of	the	interaction	between	
astrocytes	and	leukocytes.	This	thus	identifies	a	mechanism	by	which	leukocytes	can	
eventually migrate over the astrocytic barrier at the GL, and thereby enter the CNS. 

Another interesting phenomenon is that T cells display a restrained or stationary 
phenotype	in	the	PVS	[24].	This	could	mean	that	astrocytes	are	sufficient	in	restraining	
the T-cells in the PVS or that T cells require additional signals to enter the CNS. A 
signal that reactivates the T cells and induces further migration into the CNS is the 
interaction	with	MHC	class	 II	molecules	expressed	on	antigen	presenting	 cells,	 such	
as	macrophages	[25].	However,	as	we	describe	that	astrocytes	could	directly	interact	
with T cells in the perivascular space via integrin biding, and as integrin binding leads to 
cellular	activation	[26],	the	proposed	interaction	between	astrocytes	and	T	cells	could	
also be the activating step which is necessary for T cells to migrate from the PVS into the 
CNS.	However,	given	the	fact	that	knockout	of	CLDN4	in	the	EAE	animal	model	resulted	
in	increased	immune	cell	infiltration	and	increased	lesion	size	[22],	data	supporting	this	
hypothesis	is	lacking.	We	therefore	think	that	the	astrocyte/T-cell	interaction	via	CLDN4	
is	beneficial	and	limits	infiltration	of	T	cell	into	the	CNS.

2.2 Astrocyte interaction with macrophages and microglia (chapter 3 & 4)

Astrocytes modulate the phenotype and function of macrophages and microglia via 
numerous	mechanisms	 [27].	 Both	microglia	 and	macrophages	 are	 known	 to	 exhibit	
different	 functional	 phenotypes.	 A	 simplified	 version	 of	 these	 phenotypic	 profiles	
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describes	 a	 pro-inflammatory	 phenotype	 and	 an	 anti-inflammatory	 phenotype.	 The	
pro-inflammatory	phenotype,	also	described	as	 the	classical	activation	status	or	 the	
M1	phenotype,	is	induced	by	inflammatory	factors.	These	M1	microglia	produce	various	
pro-inflammatory	 cytokines	 such	 as	 TNF-α,	 IL-1β,	 and	 IL-6,	 as	 well	 as	 superoxide,	
reactive	 oxygen	 species	 and	 nitric	 oxide.	 The	 more	 anti-inflammatory	 phenotype,	
also	 described	 as	 the	 alternative	 activation	 status	 or	 the	M2	phenotype,	 is	 induced	
by	 anti-inflammatory	 factors.	M2	microglia	 facilitate	 phagocytosis	 of	 cell	 debris	 and	
promote	tissue	repair	 [28].	Evidence	 indicate	that	macrophages	and	microglia	play	a	
dual	role	 in	 the	pathogenesis	of	MS.	They	contribute	 to	 lesion	formation	and	axonal	
damage,	but	also	support	repair	mechanisms	and	clear	debris	[29].	On	the	other	hand	
models	in	which	macrophages	are	eliminated	show	less	axonal	damage	and	less	severe	
clinical	 signs	 of	 EAE	 [30,31].	 These	 data	 indicate	 that	 these	 cells	 play	 a	 pivotal	 role	
in	MS	pathology.	Whether	microglia	 and	macrophages	 are	 detrimental	 or	 beneficial	
partly depends on the activation status or phenotype. As mentioned, astrocytes are 
able	 to	 skew	 of	microglia/macrophages	 towards	 a	 pro-	 or	 anti-inflammatory	 profile	
via the production of chemokines and cytokines. Throughout this thesis we have used 
CCL2	and	CXCL10	as	markers	for	the	reactive	astrocyte	profile.	These	two	chemokines	
play a pivotal role in microglial activation and have been shown to be involved in the 
pathogenesis	of	MS	[32].	Other	secretory	factors	include	interleukin	(IL)-6	and	IL-11,	two	
cytokines produced by reactive astrocytes in MS lesions, of which it has been shown 
to	 skew	microglia	 and	macrophages	 towards	 an	 anti-inflammatory	 (M2)	 phenotype	
[33]. Understanding the astrocytic pathways involved in the skewing of microglia and 
macrophage	 towards	 an	 anti-inflammatory	 phenotype	 might	 offer	 new	 targets	 for	
therapeutic applications. 

In	this	regard,	several	studies	have	reported	the	beneficial	effects	of	the	neuropeptide	
alpha-melanocyte–stimulating	 hormone	 (α-MSH)	 on	 neuroinflammation.	 α-MSH	
treatment	 reduces	 the	 clinical	 symptoms	 in	 EAE	 mice	 [34,35]	 and	 this	 effect	 was	
attributed to the induction of regulator T cells and suppression of Th1 cells. In these 
studies,	α-MSH	was	administrated	orally	or	via	intravenous	injections	and	thought	to	
affect	mainly	via	melanocortin	receptor	1	(MC1R).	Due	to	the	administration	routes,	it	
is	unclear	whether	the	α-MSH	actually	penetrates	the	brain	and	exerts	a	 local	effect	
or	 whether	 α-MSH	 only	 functions	 in	 the	 periphery.	 In	 the	 CNS,	 the	most	 abundant	
melanocortin	receptor	is	MC4R.	We	describe	in	chapter	3	that	MC4R	is	expressed	both	
at protein and at mRNA level in MS lesions on astrocytes. Activation of astrocytic MC4R 
with setmelanotide, a novel and selective MC4R agonist, increases the production of IL-6 
and	IL-11,	two	cytokines	involved	in	skewing	microglia/macrophages	towards	a	more	M2-
like	phenotype.	These	findings	indicate	that	the	effect	of	α-MSH	on	neuroinflammation	
is	 partly	 mediated	 via	 MC4R	 expressed	 on	 astrocytes	 by	 skewing	 microglia	 and	
macrophages. In addition, we observed that astrocytes treated with setmelanotide 
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displayed	a	reduced	reactive	profile	after	stimulation	with	TNFα	and	IFNγ.	The	changes	
in	astrocytic	production	of	IL-6	and	IL-11	induced	by	α-MSH	are	most	likely	mediated	via	
the	induction	of	CREB	phosphorylation.	The	effect	on	the	reactive	profile	is	probably	
due	to	changes	in	nuclear	factor	kB	(NF-κB)	activation	as	the	NF-κB	pathway	is	pivotal	in	
the	regulation	of	astrocyte	reactivity	[36]	and	α-MSH	suppresses	NF-kB	translocation	
through	 the	prevention	of	phosphorylation	of	 IκBα	 [37].	We	show	 that	 treatment	of	
astrocytes	with	setmelanotide	reduces	the	reactive	profile	of	astrocytes,	determined	
by	CCL2	and	CXCL10	mRNA	levels,	both	which	are	regulated	by	NF-κB	[38,39],	it	is	thus	
possible	that	this	effect	is	mediated	via	inhibition	of	NF-κB.

In addition to their role in skewing macrophages and microglia, astrocytes are also 
involved	in	the	regulation	of	the	specific	cellular	functions	of	microglia	and	macrophages,	
such as cell migration and phagocytosis. In active MS lesions macrophages and 
microglia phagocytose (myelin) debris, but also attack the intact myelin sheet [40,41]. 
Again,	the	chemokine	CXCL10,	which	is	increased	in	reactive	astrocytes,	is	involved	in	
the recruitment of microglia to the lesion site to phagocytose and remove myelin debris 
in	the	cuprizone-induced	demyelination	model	[42].	Recently,	the	enzyme	lipoprotein	
lipase	(LPL)	was	identified	to	play	an	important	role	in	the	clearance	of	myelin	debris.	LPL	
is	an	enzyme	involved	in	lipid-processing	and	plays	an	important	role	during	initiation	
of	remyelination	[43,44].	Activity	of	this	enzyme	was	found	to	be	significantly	increased	
in	brain	tissue	of	the	EAE	model	at	the	point	when	clinical	symptoms	start	to	decrease.	
It	was	shown	that	this	enzyme	was	involved	in	lipid	and	lipoprotein	uptake	in	microglia	
[43].	 This	 suggests	 that	 LPL-expressing	 phagocytes	 might	 contribute	 to	 repair	 and	
support remyelination through the clearance and reuptake of lipid debris. In chapter 
4	we	provide	evidence	that	the	inhibitor	of	LPL,	ANGPTL4,	is	expressed	on	astrocytes,	
but	its	expression	is	markedly	reduced	in	active,	highly	inflammatory	MS	lesions.	We	
further show that the cellular communication between astrocytes and macrophages 
is	necessary	for	the	downregulation	of	astrocytic	ANGPTL4	expression.	Furthermore,	
we show that ANGPTL4-mediated inhibition of LPL activity reduced myelin-lipid 
uptake	by	microglia	and	macrophages,	without	affecting	phagocytosis.	Taken	together,	
these	 findings	 suggest	 that	 reduction	 in	 astrocytic	 ANGPTL4	 expression	 in	 active	
demyelinating MS lesions enables LPL-immunopositive microglia and macrophages to 
adequately clear myelin debris.

Regulation	of	microglia	via	astrocytic	ANGPTL4	might	also	be	important	in	Alzheimer’s	
disease	(AD).	AD	is	characterized	by	the	deposition	of	extracellular	protein	aggregates	
of	 amyloid-β,	 forming	 senile	 plaques	 and	 by	 the	 accumulation	 of	 amyloid-β	 in	 the	
vasculature. Several studies have addressed the role microglia in AD, which shows both 
beneficial	 as	well	 as	detrimental	 effects	 [45].	Microglia	 are	 known	 to	 cluster	 around	
amyloid	plaques	in	both	human	AD	brains	and	brains	of	AD	mouse	models	[46,47].	It	is	
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believed that these microglia fail to properly clear debris [48], causing accumulation of 
proteins and ultimately neurodegeneration. Furthermore, it has been shown that LPL is 
involved	in	the	binding	and	the	uptake	of	Aβ	[49].	It	is	therefore	tempting	to	speculate	
that the upregulation of ANGPTL4 in AD cases contributes to the failed clearance of 
amyloid	deposition	by	phagocytes.	In	our	study	we	specifically	focused	on	the	effect	of	
AGNTPL4 on the vasculature of vessels with amyloid  deposition [14]. To strengthen the 
idea that upregulation of ANGPTL4 could also contribute to the failed amyloid clearance, 
we	would	expect	to	detect	ANGPTL4	not	only	in	amyloid	laden	vessels,	but	also	near	
amyloid	 plaques.	 Indeed,	we	 observed	 that	 ANGPTL4	 is	 expressed	on	 astrocytes	 in	
cortical	 layers	 also	when	 they	 are	 not	 proximal	 to	 amyloid-β-positive	 blood	 vessels	
(Figure	2	A).	Importantly,	when	we	stained	for	amyloid	plaques	using	Thioflavin	S,	we	
observed	 a	 remarkable	 co-localization	 of	 ANGPTL4	 positive	 astrocytes	 and	 amyloid	
plaques	 (Figure	2).	 These	data	 indicate	 that	 there	 is	 a	 link	between	 the	presence	of	

FIGURE 2. Expression of ANGPTL4 in brain tissue of healthy control and Alzheimer’s disease 
cases. (A)	ANGPTL4	expression	almost	absent	in	healthy	control,	and	abundantly	expressed	in	
Alzheimer’s	disease	cases.	(scale	bar	=	200µm)	(B)	Double	immunofluorescence	labelling	shows	
co-localization	of	ANGPTL4	(green)	with	GFAP-immunoreactive	astrocytes	(red)	(scale	bar	=	25µm).	
(C)	Triple	immunofluorescence	labelling	shows	co-localization	of	ANGPTL4	(green)	positive	GFAP-
immunoreactive	astrocytes	(red)	with	Thioflavin	S	stained	amyloid	beta	plaques	(blue)	(scale	bar	
=	50µm).
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amyloid	 and	 the	 expression	 of	 ANGPTL4	 strengthening	 our	 hypothesis	 that	 high	
astrocytic	expression	of	ANGPTL4	inhibits	the	phagocytotic	potential	of	macrophages	
en microglia, resulting in reduced clearance of amyloid plaques. In chapter 4 we 
describe	that	the	astrocytic	expression	of	ANGPTL4	is	under	control	of	macrophages,	
when astrocytes were cultured in the presence of alternatively activated macrophages, 
we observed downregulation of astrocytic ANGPTL4. It has been shown that both in 
MS as well as in AD, classically activated microglia and alternatively activated microglia 
can	coexist	[50–52].	Whether	a	different	activation	status	or	different	composition	of	
microglia and macrophages in AD is responsible for the observed increase in astrocytic 
ANGPTL4	expression	remains	to	be	determined.	

These	findings	illustrate	the	importance	of	astrocytes	in	regulating	the	inflammatory	
landscape	during	both	acute	and	chronic	 inflammation.	Furthermore,	 they	show	the	
complexity	in	the	crosstalk	between	microglia/macrophages	and	astrocytes.	Isolation	
of glial cells from rodents and humans, to perform single cell analyses including 
genomics, epigenomics and transcriptomic will lead to a better understanding of this 
crosstalk and might provide new insights in disease pathology.

2.3 Glial scar formation (chapter 5)

Impaired neuroregeneration in MS lesions, including disturbed neurite outgrowth, 
has been mostly attributed to the presence of the gliotic scar. Reactive astrocytes 
generate this scar, which is formed by interwoven astrocytic processes accompanied 
by	 an	 excessive	 accumulation	 of	 extracellular	 matrix	 (ECM)	 components.	 This	 glial	
scar becomes a physical barrier that surrounds demyelinated lesion areas thereby 
preventing widespread tissue damage. In addition, it  also inhibits remyelination and 
axonal	outgrowth	[7,53].	It	has	been	shown	that	complete	removal,	or	the	prevention	
of	 the	 glial	 scar	 causes	 increased	 neuroinflammation	 and	 tissue	 damage,	 thereby	
worsening	functional	outcome	of	several	neuroinflammatory	and	neurodegenerative	
disorders,	including	MS	[54–56].	A	key	component	of	the	glial	scar	that	influence	neurite	
outgrowth	 are	 chondroitin	 sulphate	 proteoglycans	 (CSPGs)	 [57].	 Inhibition	 of	 CSPGs	
expressed	 by	 astrocytes	 after	 CNS	 insult	 is	 linked	 to	 improved	 axonal	 regeneration	
after	trauma	[58,59].	In	chapter	5	we	describe	a	novel	player	in	the	regulation	of	gliotic	
scar	formation.	We	show	that	astrocytes	in	MS	lesions	express	an	increased	amount	
of	transient	receptor	potential	cation	channel	subfamily	M	member	7	(TRPM7),	an	ion	
channel	 and	 serine/threonine-protein	 kinase.	We	 show	 that	 genetic	 overexpression	
of	TRPM7	in	astrocytes	resulted	 in	 increased	production	of	CSPGs	and	subsequently	
reduced	 neurite	 outgrowth.	 Studies	 have	 shed	 light	 on	 the	 potential	 role	 of	 TRPM7	
in	other	neurodegenerative	diseases,	 including	Parkinson’s	disease	(PD),	Huntington,	
Alzheimer’s	 disease	 (AD)	 and	 stroke	 [60,61].	 AD,	 PD	 and	 MS	 are	 characterized	 by	
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neuronal	degeneration	and	neuronal	death	[62].	Factors	mediating	neurodegeneration	
in	these	diseases	are	similar,	including	neuroinflammation,	increased	ROS	production	
and	neuronal	 Ca2+	 elevations	 [62].	 Some	of	 these	 changes	 could	 be	 attributable	 to	
alterations	in	TRPM7	functioning.	However,	these	studies	have	all	focused	on	TRPM7	
expression	 and/or	 function	 on	 neurons,	we	 on	 the	 other	 hand	only	 focused	 on	 the	
expression	of	TRPM7	specifically	on	astrocytes.	Although	we	did	not	find	differences	
in	 expression	 of	 TRPM7	 on	 neurons,	 it	 could	 be	 that	 TRPM7	 function	 is	 altered	 on	
demyelinated neurons thereby contributing to calcium overload in neurons [63].
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3. THERAPEUTIC CHALLENGES

3.1 Targeting astrocytes with therapeutic agents

Most disease-modifying therapies (DMTs) that are used to treat MS are 
immunomodulatory or immunosuppressive drugs and are aimed at repressing the 
immune	 system.	 These	 drugs	 are	 effective	 in	 limiting	 the	 formation	 of	 new	 lesions	
and consequently clinical relapses. Unfortunately, these therapies can cause severe 
side	effects,	are	insufficient	in	completely	halting	MS	progression,	and	are	much	less	
effective	 in	 the	more	 progressive	 phases	 of	 the	 disease,	 where	 evidence	 for	 acute	
inflammation	is	limited.	It	is	therefore	necessary	to	gain	a	better	understanding	of	the	
underlying mechanism of MS and the involvement of other cell types than immune 
cells.

In	this	thesis	we	described	different	in	vitro	mechanisms	by	which	astrocytes	can	be	
targeted	to	affect	the	inflammatory	responses	and/or	regulation	of	neurons.	However,	
effectively	targeting	the	identified	proteins	in	astrocytes	as	therapeutic	targets	remains	
a	challenge.	A	first	major	hurdle	that	needs	to	be	overcome	in	developing	a	successful	
treatment	option	 lies	 in	 the	effective	 targeting	of	 the	drug	 to	 the	site	of	action.	Due	
to the tightly sealed endothelial cell layer of the BBB, many proteins and molecules 
are	unable	to	cross	this	barrier.	Only	small	molecules	(<	400Da)	that	are	lipid	soluble	
can cross the BBB, either via transcellular transport or paracellular passage [64]. In 
addition,	endothelial	cells	of	the	BBB	express	efflux	pumps,	such	as	P-glycoprotein	(Pgp)	
which pumps foreign substances, including drugs, out of the CNS back into the blood 
[65].	There	are	several	strategies	to	overcome	this	barrier,	one	of	which	is	stereotaxic	
injection	or	injection	into	the	cerebrospinal	fluid	(CSF),	however	these	administration	
routes are quite invasive and therefore less suitable when the therapeutic compound 
needs to be administrated frequently. 

Alternatively, the use of nanoparticles has been suggested to overcome the barrier. 
Nanoparticles	are	small,	less	than	200nm,	while	they	still	have	the	ability	to	carry	drug	
cargo. It has been proven that the use of nanoparticles increases the drug concentration 
in	 the	brain,	 suggesting	 that	 they	 can	 cross	 the	BBB	 [66,67].	Although	delivery	over	
the BBB is challenging, BBB leakiness is known to occur in active MS lesions [68], 
making the issue of drug delivery over the BBB during these active phases of MS less 
of a challenge. However, drug delivery during more progressive phase of MS, in which 
inflammation	is	less	prominent	and	therefore	the	function	of	the	BBB	is	less	impaired,	
makes drug delivery over the BBB still a hurdle which needs to be addressed. A potential 
administration	route	that	so	far	has	not	been	exploited	in	the	treatment	of	MS	is	the	
intranasal drug delivery route. Drugs administrated via the intranasal route are able to 
diffused	through	the	olfactory	epithelium	and	can	reached	to	the	brain	[69].	
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Another	 issue	 is	 targeting	 exclusively	 astrocytes,	 since	most	 proteins,	 including	 the	
ones	 that	 that	 we	 identified	 in	 this	 thesis,	 are	 not	 solely	 expressed	 by	 astrocytes.	
In	 addition,	 multiple	 astrocyte	 populations	 have	 been	 identified	 (as	 discussed	 in	 a	
following	 section),	 thus	 expression	 levels	 of	 the	 investigated	 proteins	 in	 this	 thesis	
might	differ	between	these	specific	astrocyte	populations	[70,71].	Ideally	a	therapeutic	
substance	would	only	target	these	proteins	expressed	by	astrocytes,	without	affecting	
the	 function	on	other	 cell	 types/organs.	 Efforts	have	been	made	 to	use	 virus-based	
carrier systems in order to help enhance targeting of the therapeutic agent into the 
desired	cells.	A	major	drawback	of	these	systems	is	that	viruses	initiate	an	undesired	
immune	response,	cause	cytotoxicity	and	do	not	passively	cross	the	BBB	[67].	

If	both	effective	drug	delivery	into	the	brain,	and	targeting	specific	cell	types	becomes	
feasible,	 then	 a	 third	 hurdle	 is	 the	 protein	 specificity	 of	 the	 therapeutic	 compound.	
For	 instance,	 FTY720,	 also	 known	 as	 Fingolimod,	 a	 clinically	 approved	 drug	 to	 treat	
MS,	which	is	able	to	crosses	the	BBB	[72,73],	has	been	shown	to	block	the	activity	of	
TRPM7	[74].	The	inhibitory	potential	of	FTY720	on	TRPM7	is	however	restricted	to	the	
bio-inactive,	non-phosphorylated	form	of	FTY720.	When	FTY720	is	phosphorylated,	it	
becomes	the	active	compound	of	Fingolimod,	and	it	loses	its	inhibitory	effect	on	TRPM7	
and	 is	 subsequently	 able	 to	 bind	 to	 sphingosine-1-phosphate	 (S1P)	 receptors	 [75],	
preventing	T	cells	from	leaving	the	lymph	nodes	[76].	It	is	therefore	still	unknown	if	part	
of	the	therapeutic	potential	of	Fingolimod	is	due	to	inhibition	of	TRPM7.	Alternatively,	
a	 compound	 called	 Waixenicin-A	 has	 been	 identified	 which	 appears	 to	 specifically	
blocks	TRPM7	activity	 [74],	 but	 as	of	 today	 this	 compound	has	only	been	used	as	a	
tool in fundamental research and not tested in clinical settings. In these fundamental 
studies	it	has	been	shown	that	inhibition	of	TRPM7	leads	to	a	reduced	cell	proliferation	
and	 cell	 survival	 of	 TRPM7	expressing	 cancer	 cells	 [77–79].	 In	 addition,	 inhibition	 of	
neuronal	TRPM7	promotes	axonal	outgrowth,	suggesting	 its	 therapeutic	potential	 in	
neurodegenerative	disorders.	These	studies	show	that	TRPM7	plays	a	major	role	and	
that	blocking	TRPM7	will	undoubtedly	lead	to	side	effects,	the	question	is	whether	the	
therapeutic	effect	outweighs	these	side	effects.

Targeting	MC4R	is	possible	with	the	natural	occurring	ligand	α-MSH	and	stable	analogue	
NDP-MSH,	which	both	have	proven	to	be	effective	 in	ameliorating	clinical	symptoms	
in	the	EAE	animal	model	of	MS	by	limiting	inflammation	and	neurodegeneration	[35].	
However,	 in	this	case,	the	effect	of	α-MSH	was	attributed	to	MC1R	signalling	and	not	
MC4R	signalling,	as	α-MSH	is	also	a	full	agonist	of	MC1R	and	MC5R.	A	more	selective	
MC4R	agonist,	like	setmelanotide	or	RO27-3225,	is	therefore	favourable.	RO27-3225	has	
shown	promising	results	in	the	treatment	of	immune-mediated	inflammatory	diseases,	
without	 causing	 substantial	 side	 effects	 [80,81].	 In	 addition,	 setmelanotide	 recently	
entered phase III clinical trials for the treatment of obesity. MC4R is a key receptor in 
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the	hypothalamus	that	regulates	energy	expenditure,	homeostasis,	and	appetite	[82].	
It is thus important to be careful when using MC4R agonists for the treatment of MS.

As	 it	 has	 been	 shown	 that	 functional	 expression	 of	 CLDN4	 is	 beneficial,	 and	 that	
knockdown	of	astrocytic	CLDN4	causes	worse	clinical	outcome	in	the	EAE	mouse	model	
for	MS	[22],	inhibiting	CLDN4	is	therefore	likely	not	the	way	to	go.	Instead	it	might	be	
preferable	to	further	induce	the	local	expression	of	CLDN4	or	to	prevent	its	break	down.	
CLDN4	expression	 is	 induced	among	others	by	the	 inflammatory	microenvironment,	
in	particular	by	TGFβ1	and	 IL1β	 [22]	but	also	by	retinoic	acid	 (RA)	 [83].	Treatment	of	
EAE	 mouse	 with	 TGFβ1	 has	 shown	 both	 positive	 and	 negative	 immunomodulatory	
effects	[84].	IL1β	has	a	major	role	in	EAE	as	well	as	MS,	as	it	induces	the	generation	of	
pathogenic	Th17	cells	[85],	induces	astrocytic	chemokine	production	[86]	and	promotes	
BBB	 dysfunction	 [87].	 These	 studies	 indicate	 that	 the	 use	 of	 TGFβ1	 or	 IL1β	 for	 the	
treatment of MS may not provide the desired results. RA, on the other hand, has mainly 
shown	positive	effects.	RA	can	exert	neuroprotective	effects	during	 inflammation	 in	
the CNS [88] since it dampens the immune-response of microglia and astrocytes in 
vitro	[89,90].	Whether	the	reported	positive	effects	are	also	a	result	of	an	induction	of	
CLDN4	on	astrocytes	is	not	clear.	As	breakdown	of	CLDN4	is	mediated	via	MMPs	[22],	
inhibition	the	activity	of	MMPs	could	also	prove	beneficial	 in	restricting	 immune	cell	
infiltration	 into	 the	CNS.	Pre-clinical	 studies	using	a	 inhibitors	of	MMPs	have	 shown	
to	prevent	damage	during	cerebral	 ischemia	 [91]	and	 to	attenuate	damage	resulting	
from	traumatic	brain	injury	[92].	Despite	these	beneficial	effects,	MMP	inhibitors	have	
not	been	tested	for	MS	treatment,	this	is	mostly	attributed	to	the	beneficial	role	that	
MMPs	have	in	promoting	recovery	of	the	CNS	after	injury,	thus	inhibiting	MMPs	could	
potentially	also	inhibit	recovery	[93].

As	we	 showed	 that	 expression	 of	 ANGPTL4	 is	 reduced	 in	MS	 lesions,	 targeting	 this	
protein	 is	 likely	 not	 feasible.	 However,	 further	 blocking	 the	 effects	 of	 ANGPTL4	 is	
possible.	ANGPTL4	 is	 a	protein	 that	 is	 expressed	on	 the	 cell	 surface	as	a	 full-length	
form. ANGPTL4 can then be proteolytically cleaved into several forms by proprotein 
convertases	 (PCs)	 [94].	 PC-specific	 inhibitors	 are	 available	 which	 are	 able	 to	 block	
ANGPTL4	cleavage	and	thereby	reduce	the	inhibitory	effect	of	ANGPTL4	on	for	example	
LPL activity. 

Despite	 these	 difficulties,	 there	 are	 some	 disease	 modifying	 drugs	 that	 exert	 their	
function	partially	due	to	an	effect	on	astrocytes.	These	drugs	are	Laquinimod,	dimethyl	
fumarate	(Tecfidera)	and	Fingolimod	(FTY720).	Laguinimod,	currently	being	developed	
as	a	treatment	for	primary	progressive	MS	[95]	acts	via	inhibition	of	astrocytic	NF-kB	
signalling.	 Since	NF-κB	 signalling	 in	 astrocytes	 is	 important	 for	 the	 initiation	 as	well	
as	 the	maintenance	 of	 inflammation	 in	 the	 CNS	 [96,97],	 this	 might	 be	 a	 promising	
therapeutic	agent.	 In	 the	demyelinating	model	 for	MS,	 cuprizone,	 it	was	 shown	 that	
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Laquinimod	prevented	demyelination,	activation	of	microglia	and	T	cell	infiltration,	all	
due	 to	decreased	NF-κB	signalling	 in	astrocytes	 [98].	Dimethyl	 fumarate	 (DMF)	 is	an	
FDA-approved drug for the treatment of relapse-remitting MS. In clinical trials, DMF 
reduced	relapse	rate	by	50%	[99].	The	main	mode	of	action	of	DMF	on	astrocytes	is	the	
suppression	of	oxidative	stress	via	activation	of	the	Nrf2	pathway	[100].	Furthermore,	
similar	to	Laquinimod,	DMF	acts	as	a	potent	inhibitor	of	NF-κB	signalling	[101].	Other	
FDA-approved drugs for MS which partially functions via astrocytes are the S1P receptor 
modulators	Fingolimod	and	Siponimod.	These	two	drugs	work	via	internalization	and	
degradation	of	the	S1P	receptors,	Siponimod	specifically	binds	to	S1P1	and	S1P5	[102],	
while	Fingolimod	binds	 to	all	five	subtypes	 [73].	Fingolimod	and	Siponimod	are	best	
known	for	their	effect	on	lymphocytes	as	S1P1	expression	on	lymphocytes	is	important	
for the egress of lymphocytes from the lymph nodes and modulating this receptor 
sequesters	lymphocytes	inside	of	the	lymph	nodes	[73,103].	Interestingly	S1P1	and	S1P3	
are	found	to	be	expressed	by	astrocytes	[104,105]	and	It	was	shown	that	S1P	receptor	
expression	on	astrocytes	 is	needed	 for	Fingolimods	efficacy	 in	both	 the	EAE	as	well	
as	the	cuprizone	model	[104,106].	A	possible	mechanism	behind	the	beneficial	effects	
of	modulating	S1P	receptors	on	astrocytes	might	be	via	dampening	the	inflammatory	
environment	[102,107].

3.2 Biomarkers in MS

Biomarkers are substances, structures, or processes that can be measured in the 
blood,	other	body	fluids,	or	patients	tissue	and	can	predict	the	incidence	or	outcome	
or disease [108]. To date, biomarkers are used in MS for diagnostic purposes and 
to evaluate treatment responses. Biomarkers to monitor MS disease activity and to 
predict the progression of MS are more limited. 

As	 we	 describe	 differences	 in	 expression	 of	 several	 proteins,	 the	 question	 arises	
whether these changes can be detected, preferably in the blood of MS patients. For a 
protein to be a good biomarker, it needs to meet a number of criteria. First, it should be 
easy to measure, i.e. in a minimally invasive manner setting. Secondly, it should have 
high	sensitivity	and	specificity,	and	third	it	should	correlate	to	disease	processes	such	
as neurodegeneration or demyelination.

ANGPTL4	for	example	is	a	secreted	protein	and	thus	might	be	detectable	in	blood	of	MS	
patients.	In	our	recent	paper	where	we	describe	the	effect	of	ANGPTL4	in	Alzheimer’s	
disease, we provide evidence that plasma levels of ANGPTL4 can serve as a marker for 
ongoing vascular changes and it would thus be interesting to see whether in patients 
diagnosed with MS, we could observe reduced plasma levels of ANGPTL4. 

Detection	and	usage	of	MC4R	and	TRPM7	as	biomarkers	 for	disease	might	be	more	
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complex,	 these	 proteins	 are	 receptors,	 embedded	 in	 the	 plasma	 membrane	 of,	
amongst	others,	astrocytes.	It	is	known	that	the	c-terminal	kinase	domain	of	TRPM7	can	
be	cleaved	in	a	cell-type-specific	manner	producing	TRPM7	cleaved	kinase	fragments	
(M7CKs)	 [109].	 In	 theory	 it	 should	be	possible	 to	measure	astrocytic	 specific	M7CKs,	
however	once	cleaved,	these	M7CKs	are	translocated	to	the	nucleus	[109],	and	therefore	
are unlikely to be measurable in CSF or blood. 

An alternative is that the proteins of interest are used for positron emission tomography 
(PET)	 imaging.	 PET	 is	 a	 molecular	 imaging	 technique	 in	 which	 receptor	 ligands	 or	
enzyme	substrates	are	 labelled	with	positron	emitting	radioisotopes,	which	are	then	
used	to	quantitatively	measure	the	distribution	within	the	body.	With	this	technique	it	is	
possible	to	non-invasively	measure	microglia	activation,	but	also	axonal	degeneration,	
demyelination	and	astrocyte	activation	[110].	As	we	show	that	MC4R	is	expressed	by	
astrocytes	within	active	lesions,	using	(ant)agonists	for	MC4R	as	a	potential	PET	tracer	
might be useful for measuring astrocyte activation.

3.3 Heterogeneity of astrocytes

It is important to emphasise that astrocytes are not a uniform cell population but 
instead	 represent	 a	 heterogenous	 cell	 type.	 Different	 classifications	 of	 astrocytes	
exist	and	an	early	classification	is	based	on	their	 location	and	morphology	[111–114].	
Astrocytes that reside in the grey matter are called protoplasmic astrocytes or type 1 
astrocytes. These astrocytes display thick and short processes, which branch profusely. 
Astrocytes	within	the	white	matter	are	termed	fibrous	astrocytes	or	type	2,	and	display	
several thin, long processes that do not branch. It has been reported that the activation 
of	type	1	astrocytes	occurs	later	and	less	intensively	after	a	toxic	insult	compared	to	
type	2	astrocytes.	 In	addition,	there	are	some	big	differences	in	glutamate	transport	
function	between	 type	1	and	 type	2	astrocytes	 [111].	 Interestingly,	 the	pathology	of	
grey	and	white	matter	lesions	in	MS	differs	substantially,	grey	matter	lesions	are	less	
inflammatory	 and	 contain	 fewer	 microglia,	 whereas	 white	 matter	 lesions	 are	 filled	
with	monocyte-derived	macrophages	and	infiltrated	T-cells	[115,116].	It	is	tempting	to	
speculate	that	the	different	astrocyte	cell	characteristics	(grey	vs.	white)	lie	at	the	basis	
of	these	differences.		

The heterogeneity of astrocytes does not stop with a subdivision of grey and white matter 
astrocytes. In studies in which whole brains were stained using astrocyte markers, it was 
found	that	astrocytes	in	different	areas	express	astrocyte	markers	at	different	levels	
[117–120].	Furthermore,	expression	of	some	of	these	markers	can	also	be	affected	by	
neuroinflammation	and	neurodegeneration	[121,122].	Thus,	to	further	investigate	the	
heterogeneity of astrocytes, there is an urgent need for reliable astrocyte makers. The 
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traditional	marker	used	to	identify	astrocytes	is	glial	fibrillary	acidic	protein	(GFAP),	an	
intermediate	filament	(IF)	III	protein	that,	in	the	CNS,	is	almost	uniquely	expressed	by	
astrocytes	[121].	It	consequently	has	been	regarded	as	a	good	marker	for	astrocytes	for	
a long time, and we also used it as an astrocyte marker throughout this thesis. However, 
GFAP	mRNA	is	higher	expression	in	white	matter	compared	to	grey	matter	[123],	neural	
stem	cells	of	the	subventricular	zone	also	express	GFAP	[124],	and	in	addition,	when	
astrocytes	gain	a	reactive	phenotype,	they	upregulate	GFAP	[125,126].	This	makes	the	
use	of	GFAP	as	a	 reliable	astrocyte	marker	questionable.	S100β	 is	also	considered	a	
reliable	astrocyte	marker	[127].	It	is	a	less	selective	marker	compared	to	GFAP,	however	
EGFP-S100β	transgenic	mice	also	showed	S100β	positive	oligodendrocytes	[123].	Other	
astrocyte	markers	 include,	glutamine	synthetase,	a	metabolic	enzyme	 in	astrocytes,	
glutamate aspartate transporter 1 (GLAST). Probably the most reliable astrocyte marker 
identified	 to	date	 is	 Aldh1L1,	 a	 protein	 that	 belongs	 to	 the	 aldehyde	dehydrogenase	
family.	Aldh1L1	is	found	specifically	in	astrocytes	with	a	substantially	broader	pattern	
astrocytic	expression	than	the	traditional	astrocyte	marker	GFAP.	In	addition	Aldh1L1	
expression	is	not	detected	in	neurons,	oligodendrocytes	or	oligodendrocyte	progenitor	
cells	 [128].	 Using	 the	 Aldh1L1-GFP	 reporter	 mice,	 Benjamin	 Deneen	 identified	 five	
distinct	subpopulations	of	astrocytes	based	on	the	expression	of	CD51,	CD71	and	CD63	
[70].	These	astrocytes	differ	in	respect	to	their	ability	to	support	synapse	formation,	
migratory	potential	and	proliferation.	Using	Benjamin	Deneen’s	publicly	available	data	
set,	we	analysed	the	expression	of	the	proteins	that	we	described	in	this	thesis.	Both	
TRPM7	 and	 ANGPTL4	 are	 expressed	 in	 the	 five	 subpopulations	 with	 no	 significant	
differences	 between	 them.	 CLDN4	was	 not	 found	 to	 be	 expressed.	We,	 and	others,	
show	that	CLDN4	is	upregulated	under	inflammatory	conditions	and	only	expressed	in	
MS	lesions	where	there	is	ongoing	neuroinflammation	[22].	Mice	that	were	used	in	the	
study	did	not	include	neuroinflammatory	conditions	which	might	explain	why	CLDN4	
expression	was	not	detected.	Similar	to	CLDN4,	MC4R	was	not	detected	in	the	data	set.	
In	 this	case	 the	 lack	of	neuroinflammation	cannot	 fully	explain	 the	discrepancy	with	
our	data.	Differences	between	species,	human	in	our	case	and	mouse	in	the	dataset,	
also do not fully provide the answer. Publicly available datasets from Ben Barres, which 
contains	both	human	and	mouse	data,	also	showed	that	MC4R	is	not	highly	expressed	
on	 astrocytes	 under	 healthy	 conditions	 [129,130].	 It	 is	 therefore	more	 likely	 is	 that	
mRNA	expression	of	MC4R	does	not	correlate	well	with	MC4R	protein	expression.	 In	
addition	to	these	different	subclasses	of	astrocytes,	studies	have	revealed	inter-species	
differences	 in	 astrocytic	 form	 and	 function.	 The	 human	 cortex	 harbours	 several	
subclasses of astrocytes which are not represented in rodents [131]. 

In	addition	to	different	subclasses	of	astrocytes,	astrocytes	within	the	same	class	can	
exhibit	multiple	activation	states.	The	activation	state	is	determined	in	a	context-specific	
manner by diverse signalling events that vary with the nature and severity of the insult. 
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Recent	 evidence	 sheds	 light	 on	 two	 different	 reactive	 astroglial	 populations	 in	 the	
adult	CNS:	A1	and	A2	[132].	Similar	to	the	nomenclature	of	M1	and	M2	macrophages,	
it	 is	expected	that	there	are	many	intermediate	states	[51,133].	These	two	activation	
states are the result of crosstalk between astrocytes and activated microglia. Reactive 
astrocytes	that	express	A1	markers	such	as	Serping1,	H2-D1	and	Psmb8,	are	thought	to	
be	neurotoxic	and	secrete	a	yet	unidentified	toxic	soluble	factor.	These	A1	astrocytes	are	
found	 in	numerous	neurodegenerative	conditions,	 including	MS,	Parkinson’s	disease	
and	Alzheimer’s	disease	[132].	In	addition,	the	A1	profile	was	also	found	in	astrocytes	
during	aging	[134].	The	role	of	A2	astrocytes,	marked	by	expression	of	Ptgs2,	Sphk1	and	
Clcf1,	is	still	under	debate.	As	A2	astrocytes	appear	to	upregulate	neurotrophic	factors	
they	are	thought	to	exhibit	a	more	neuroprotective	role,	thus	far	no	neuropathological	
conditions	are	associated	with	A2	astrocytes.	

These observations point out the limitations of using rodent models to study human 
astrocyte	biology,	as	 there	are	quite	some	differences	 in	astrocyte	biology	between	
rodent and human. Furthermore, we should pay more attention to the unique features 
of	specific	astrocyte	subpopulation	and	their	activation	state.

3.4 Concluding remarks

The studies presented in this thesis show that astrocytes play an important multifaceted 
role	in	inflammation	and	neurodegeneration	in	MS.	Astrocytes	are	involved	in	the	initial	
steps of lesion formation, possibly contributing to MS progression, but astrocytes also 
appear	to	be	involved	in	lesion	resolution.	Since	MS	is	an	autoimmune	inflammatory	
disease,	 inflammation	 plays	 a	 pivotal	 role	 in	 the	 disease	 mechanisms.	 However,	
an	 inflammatory	 process	 is	 present	 in	most	 other	CNS	 insults,	 and	 thus	 the	 results	
described in this thesis might also be relevant for the understanding of cellular and 
molecular	mechanisms	that	are	ongoing	in	other	CNS	inflammatory	related	diseases.
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4. A PERSONAL VIEW: WHAT IS MULTIPLE SCLEROSIS?

Multiple	sclerosis	(MS)	is	a	heterogeneous	disease	with	substantial	differences	in	clinical	
course between patients. Due to the heterogenous nature of the disease, the molecular 
and cellular mechanisms underlying the pathogenesis of multiple sclerosis (MS) are still 
heavily	debated	and	it	has	been	suggested	that	different	pathogenic	mechanisms	may	
play	a	role.	If	there	are	indeed	different	mechanisms	underlying	MS,	this	will	also	have	
consequences for the development of new therapeutic approaches.

Traditionally, MS is considered to be an autoimmune-mediated disorder, in which 
cytotoxic	T	cells,	microglia	and	macrophages	target	the	myelin	sheath	or	the	myelin-
producing	oligodendrocytes	[135].	This	 inflammatory	insult	results	 in	myelin	damage	
which	eventually	leads	to	axonal	damage.	This	view	on	MS,	is	known	as	the	“outside-
in”	model	[136].	On	the	other	hand,	the	“inside-out”	model	states	that	MS	starts	with	
a primary cytodegeneration, focused on either the oligodendrocytes/myelin or the 
axons	[136–138].	An	 important	finding	that	 led	to	this	hypothesis	 is	 the	study	where	
it was shown that myelin damage in some cases starts at the innermost myelin 
layers,	 close	 to	 the	axons.	 Something	 that	 is	unexpected	when	 the	myelin	 sheath	 is	
thought	to	be	 	attacked	from	the	outside	by	the	 immune	system	[139].	This	primary	
insult subsequently results in demyelination, the resulting myelin debris might then 
be	a	trigger	to	initiate	an	autoimmune	and	inflammatory	response.	This	topic	is	under	
debate with proponents and opponents of both hypotheses [136,140].

Based	 on	 both	 considerations,	 I	 believe	 that	what	we	 call	MS	 actually	 consists	 of	 2	
different	disorders,	 and	 that	 relapse-remitting	MS	 (RRMS)	 is	 an	accumulation	of	 the	
two, where both a primary cytodegeneration and an autoimmune component are in 
play.

As mentioned, the clinical course of MS is highly heterogenous, it can be divided into 3 
clinical subtypes; primary progressive MS (PPMS), RRMS and secondary progressive MS 
(SPMS)	[141].	The	most	common	form,	RRMS,	affects	around	85%	of	newly	diagnosed	
MS	 patients	 [142].	 RRMS	 has	 an	 onset	 of	 around	 30	 years	 and	 is	 characterized	 by	
periods	of	neurological	deficits,	followed	by	a	period	of	stability	and	partial	recovery.	
After	10-15	years,	 the	majority	of	RRMS	patients	will	develop	SPMS.	 In	 this	phase	of	
MS,	relapses	become	less	frequent,	but	the	neurological	deficits	become	progressive	
and	permanent	 (Figure	1).	 In	about	10-20%	of	all	MS	cases,	a	RRMS	phase	 is	absent	
and	these	patients	suffer	from	a	continuous	progressive	course	from	the	onset	of	the	
disease, known as PPMS. The onset of PPMS is about 10 years later than that of RRMS. 
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4.1 Two-part model of multiple sclerosis

I here propose that MS is a result from a combination of two underlying disorders, one 
being a demyelinating disorder and the other a susceptibility to develop autoimmunity. 
Persons	who	only	suffer	from	an	imbalance	in	myelin	damage	/	repair	will	have	PPMS.	
If the individual is also susceptible for autoimmunity, this can lead to the autoimmune 
component	of	MS,	resulting	in	the	traditional	RRMS	(Figure	2).

4.1.1 PPMS is primarily a grey matter condition

Cross-sectional longitudinal magnetic resonance imaging (MRI) studies show that 
PPMS	 patients	 have	 less	 gadolinium-enhancing	 and	 less	 T2-weighted	 MRI	 lesions	
compared	 to	 RRMS	 [143–146].	 Furthermore,	 histopathological	 studies	 also	 confirm	
that	 the	 extent	 of	 inflammatory	 perivascular	 infiltrates	 in	 PPMS	 is	 less	 compared	
to	 RRMS	 [147].	 The	 pathology	 of	 PPMS	 is	 thus	 less	 inflammatory	 compared	 to	 that	
of	RRMS.	PPMS	 is	 also	more	 characterized	by	grey	matter	 abnormalities	 than	white	
matter	abnormalities	[143,148,149].	Interestingly,	grey	matter	lesions	are,	unlike	white	
matter	lesions,	characterized	not	by	their	inflammatory	status,	but	by	their	anatomical	
location,	indicating	that	grey	matter	lesions	are	less	inflammatory	compared	to	white	
matter lesions. Importantly, MRI imaging studies show that grey matter abnormalities 
can	already	be	present	during	the	earliest	phases	of	MS	[150],	sometimes	before	any	
clinical	symptoms	are	present	[151,152].	

Let’s	say	that	there	is	an	imbalance	in	myelin	damage/repair	that	originates	in	the	grey	
matter, if this initial grey matter myelin damage is then combined with susceptibility for 
autoimmunity, it will result in an autoimmune disease against the myelin. Due to the 

FIGURE 1. Typical clinical course of multiple sclerosis. Clinical relapses (spikes in clinical 
disability). Most lesions develop during the RR phase of the disease but not all lesions lead to 
clinical symptoms. RRMS (blue line) SSPMS (red line).
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high concentration/ higher levels of myelin in the white matter compared to the grey 
matter, it is not surprising that the auto-immune component of MS will have a greater 
effect	on	the	white	matter	compared	to	the	grey	matter.	This	could	thus	explain	the	
difference	in	grey/white	matter	pathology	between	PPMS	and	RRMS.	More	importantly,	
this	raises	the	question	whether	lesions	that	are	present	in	PPMS	are	from	a	different	
nature	compared	to	the	majority	of	lesions	found	in	RRMS.	A	study	that	investigated	
the ratio of remyelinated lesions to non-remyelinated lesions in RRMS, PPMS and SPMS, 
showed that more lesions in RRMS are remyelinated compared to lesions in PPMS and 
SPMS	[153].	In	addition,	it	was	found	that	“smouldering”	lesions,	which	are	lesions	that	
slowly	expand	and	reflect	more	axonal	loss	[154],	are	more	common	in	PPMS	than	in	
RRMS	[155].	From	these	studies	we	can	speculate	that	the	cause	of	demyelination	in	
PPMS	and	RRMS	differs	 from	each	other.	 I	can	 imagine	that	neurons	that	have	been	

FIGURE 2.     Proposed two-part model of multiple sclerosis.  MS pathology consists of two parts, 
a demyelinating disorder, and susceptibility for autoimmunity. Risk factors can impact either of 
these parts. A demyelinating disorder is the result of a disbalance between myelin damage and 
myelin repair (possibly originating in the grey matter). There are no clinical symptoms if myelin 
damage	and	repair	is	in	balance.	When	this	balance	is	lost	it	will	lead	to	primary	progressive	MS.	
In the case of a disbalance, combined with susceptibility for autoimmunity, the immune system 
will induce even more myelin damage, resulting in an autoimmune disease and in the RRMS 
phenotype. Individuals with RRMS in which the immune system regains control (possibly due to 
immune senescence) develop SPMS.
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demyelinated as a result of an immune-mediated attack, may be easier to remyelinate 
compared to neurons in which there is some intrinsic defect in the myelination 
processes. This distinction in lesion type could have consequences for the debate 
about	“inside-out”	versus	“outside-in”.	It	might	even	mean	that	most	lesions	in	PPMS	
are	from	the	“inside-out”	nature,	whereas	in	RRMS	the	majority	of	lesions	are	“outside-
in” lesions.  

4.1.2 Onset versus diagnosis of PPMS

If an imbalance in damage and repair of myelin causes PPMS, and only when combined 
with	 susceptibility	 to	autoimmunity	 cases	RRMS,	 then	 it	might	be	expected	 that	 the	
onset of PPMS is earlier compared the onset of RRMS and that the prevalence is 
greater. This is however not the case, PPMS is generally diagnosed around 10 years 
later	 compared	 to	RRMS	 [156]	and	 the	prevalence	or	PPMS	 is	around	4-5	 times	 less	
compared	to	RRMS.	There	are	however	a	number	of	likely	explanations	for	this.	First,	
the diagnostic tools that are currently used to diagnose MS are generally focused on 
detecting	inflammation;	cerebrospinal	fluid	(CSF)	oligoclonal	banding	is	a	test	to	detect	
inflammation-related	antibodies	in	the	CSF	and	gadolinium-enhancing	and	T2-weighted	
MRI	lesions	to	visualize	inflammatory	lesions.	Using	these	techniques	to	detect	more	
subtle,	less	inflammatory,	myelin	abnormalities	is	challenging.	As	a	result,	diagnosing	
the	less	inflammatory	PPMS	is	challenging.	And	could	thus	be	underdiagnosed	or	even	
misdiagnosed.	Recently	 it	has	been	reported	that	around	20	to	40%	of	patients	with	
PPMS are initially diagnosed with another condition. In many cases the initial diagnoses 
was RRMS, but also other neuromuscular disorders such as cervical myelopathy and 
myelitis	were	common	[157].	MRI	has	had	a	huge	impact	on	the	diagnosis	of	MS.	The	
use of MRI techniques resulted in earlier and more reliable diagnosis. The development 
of	positron	emission	tomography	(PET)	imaging,	in	which	for	example	neuronal	damage	
can	be	 investigated	using	radiotracer	[11C]flumazenil,	could	possibly	bring	about	the	
same	for	PPMS	patients	[158]	.

Another	explanation	for	a	possible	delayed	diagnosis	 is	perhaps	because	the	clinical	
symptoms	associated	with	MS	are	mainly	due	to	an	accumulation	of	acute	inflammation,	
something	 which	 is	 less	 prominent	 in	 PPMS	 compared	 to	 RRMS.	 The	 inflammatory	
episodes of RRMS could raise the clinical disability above the clinical threshold resulting 
in	symptoms.	Without	the	inflammatory	episodes,	it	could	take	an	additional	10	years,	
during which the damage accumulates, before the clinical disability of PPMS reach 
the	clinical	threshold.	So	perhaps	it	is	not	unexpected	that	97	to	99%	of	children	with	
MS	 have	 RRMS,	 PPMS	 occurs	 only	 very	 rarely	 in	 children	 [159].Together,	 the	milder	
phenotype of PPMS    and the less suitable diagnostic tools, can cause the PPMS to be 
misdiagnosed, or diagnosis at a later stage, making it appear that the onset is later, 
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while in fact only the diagnoses is later.

4.1.3 Transition of RRMS to SPMS

As described in the introduction of this thesis, for a large proportion of patients with 
RRMS, the disease course will evolve to SPMS. In my proposed model I state that the 
RRMS phase is caused by a combination of neurodegeneration and a susceptibility to 
develop autoimmunity. In SPMS, no relapses take place anymore and the disease is 
(again) more characterised by a progressive and permanent decline of neurological 
deficits	 instead	 of	 neuroinflammation.	 The	 main	 difference	 with	 PPMS	 is	 that	
individuals	with	SPMS	have	first	gone	through	a	phase	 in	which	the	 immune	system	
caused further myelin damage, the RRMS phase, so the big question is; is the immune 
system back under control in individuals with SPMS? This transition from RRMS to 
SPMS could occur due to immune senescence . Immune senescence is a process which 
occurs during healthy aging in which the immune system gradually deteriorates [160]. 
This	change	leads	to,	among	others,	lower	number	of	CD8+	T	cells	[161]	and	impaired	
microglia	functions	[162].	Both	of	which	are	important	mediators	of	relapses	in	RRMS.	
Interestingly, evidence shows that immune senescence can be induced more rapidly by 
continuous	or	repeated	exposure	to	specific	stimulations	[163].	It	is	thus	possible	that	
immune senescence occurs earlier in people with MS than in healthy individuals due to 
the	frequent	inflammatory	insults.	When	immune	senescence	occurs,	the	autoimmune	
loop becomes less destructive, relapses disappear and the pathology associated with 
PPMS get the upper hand again, resulting in the SPMS phenotype. If we state that 
people with SPMS underwent immune senescence, are individuals with SPMS then also 
more susceptible to infections compared to healthy age-matched individuals? Several 
studies	indeed	demonstrated	that	individuals	with	MS	suffer	from	increased	morbidity	
and mortality from infectious diseases compared to the healthy population [164–166]. 
However,	 whether	 there	 is	 a	 difference	 in	 susceptibility	 to	 infections	 between	 the	
different	forms	of	MS	has	not	been	studied	in	detail.	Furthermore,	the	increased	risk	of	
infections could also be caused by the use of immune modulatory therapies.

4.2 Risk factors

Dividing MS into two disorders can possibly also provide a better understanding 
about	 the	 risk	 factors	 that	are	 involved	 in	MS.	Over	 the	 last	years,	a	number	of	 risk	
factors	 have	 been	 identified	 that	 influence	 MS	 susceptibility.	 These	 factors	 include	
genetic,	 environmental	 and	 lifestyle	 factors	 [167].	 A	 clear	 cause	 is	 however	 still	 not	
known. Something that could contribute to this is the fact that many studies do not 
distinguish	between	 the	different	MS	 subtypes.	 Some	 risk	 factors	might	disturb	 the	
balance between myelin damage and myelin repair, these factors will consequently 
impact	the	development	of	PPMS.	Other	factors	might	have	a	bigger	influence	on	the	
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immune system and are thus more involved in the development of RRMS. A number of 
risk factors will be discussed below.

4.2.1 Age

Although	MS	can	develop	at	any	age,	most	people	are	diagnosed	between	20	and	40	
years of age with an average of around 30 years old. Interestingly this age coincides 
with the time that the brain is fully developed. During the development of the brain, 
myelination	 has	 to	 occur	 in	 the	 newly	 formed	 nerve	 fibres	 and	 connections	 [168].	
Connections that are made but are hardly used, or not used at all, will be broken 
down again, so during development there are always myelination and demyelination 
processes going on. After the age of 30-40, when the brain is fully developed, these 
myelination processes are less active. As this age coincides with the age of onset of MS, 
we could thus hypothesis that the reduction in brain plasticity could be an important 
factor	in	the	development	of	MS,	specifically	PPMS.

Let’s	say	that	there	is	myelin	damage	already	before	MS	is	diagnosed.	This	damage	is,	
due	to	the	plasticity	of	the	brain,	quickly	and	efficiently	repaired,	and	it	therefore	does	
not	lead	to	any	clinical	symptoms.	When	the	myelination	processes	become	less	active,	
the	damage	may	be	 less	efficiently	 repaired	and	can	thus	 lead	to	clinical	symptoms.	
Interestingly, the age of onset of MS in women is slightly earlier compared to the onset 
of	MS	 in	men	 [169,170].	 Since	 the	brains	of	women	are	 fully	developed	at	an	earlier	
time	 compared	 to	men	 [168],	 it	 is	 thus	 tempting	 to	 speculate	 that	 this	 difference	 in	
brain	development	could	contribute	to	the	differences	in	age	of	onset,	although	there	
are	many	 other	 factors	 that	 could	 be	 in	 play	which	 contribute	 to	 the	 differences	 in	
age of onset between women and men. If a fully developed brain is more vulnerable 
for myelin damage due to less active repair mechanisms, it would be interesting to 
see whether there is a correlation between brain areas that are more susceptible for 
the development of MS lesions and the moment when the given brain region is fully 
developed. 

Age	may	have	a	particular	influence	on	myelin	damage	and	repair,	and	may	therefore	
influence	the	development	of	PPMS	more	than	that	of	RRMS.

4.2.2 Gender

As	already	briefly	mentioned,	MS	is	at	least	two	to	three	times	more	common	in	women	
than	in	men	[171–173].	Interestingly,	women	are	more	susceptible	to	a	variety	of	other	
autoimmune	 diseases	 including	 systemic	 lupus	 erythematosus	 (SLE),	 rheumatoid	
arthritis	 and	 Hashimoto’s	 thyroiditis	 [174–176].	 In	 addition,	 differences	 in	 EAE	
phenotype	have	been	observed	between	male	and	female	mice.	Male	SJL	mice	exhibit	
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a	monophasic	disease	course	of	EAE,	while	female	SJL	mice	exhibit	increased	sensitivity	
to	 EAE	 and	 show	a	 relapsing-remitting	disease	 course	 [177].	 Together,	 this	 suggests	
that	gender	has	an	effect	on	the	immune	system,	and	not	so	much	on	the	initial	myelin	
damage. Therefore, being female could be a risk factor for the development of RRMS 
and	not	necessarily	PPMS.	 Indeed,	 literature	shows	that	there	 is	no	difference	in	the	
prevalence	of	PPMS	between	 females	and	males	 [178].	 ¬¬¬The	 female	 to	male	 ratio	
in	 MS	 has	mostly	 been	 describe	 to	 be	 caused	 by	 different	 levels	 of	 sex	 hormones	
such as oestrogen or progesterone in women and testosterone in men. In addition, 
changes	could	arise	from	differences	in	XX	or	XY	chromosomes	[179].	Together	these	
differences	 result	 in	an	 immune	system	of	 females	 that	display	a	stronger	 response	
to infections, including increased cytokine production and stronger T cell responses 
[180].	 If	 sex	hormones	are	an	 important	 factor	 in	 the	development	of	MS,	we	might	
expect	 the	 onset	 of	MS	 to	 be	 earlier,	 namely	 around	 the	 time	 that	women	become	
fertile,	between	11	and	17	years.	Instead,	the	age	of	onset	of	RRMS	(~30	years)	more	
closely	correlates	with	the	age	when	woman	give	birth	to	their	first	child	(29.9	years)	
[181].	 During	 pregnancy	 ,	 the	woman’s	 body	 undergoes	 tremendous	 immunological	
shifts.	 Differences	 include,	 elevated	 levels	 of	 regulatory	 T	 cells,	 decreased	 numbers	
of	Th17	and	Th1	cells	 	 [182],	estrogen-mediated	effects	on	microvascular	endothelial	
cells	[183]	and	decreased	production	of	IFN-γ	[184].	Together,	these	changes	result	in	a	
greatly suppressed immune system. This change in the activity of the immune system 
is	necessary	to	prevent	rejection	of	the	foetus,	which	has	parenteral	foreign	antigens	
[185].	Therefore,	some	autoimmune-mediated	diseases	show	reduced	disease	activity	
during	pregnancy	[175,186],	this	holds	also	true	for	MS-patients	and	EAE-mice	[187,188].	
Interestingly, it has been observed that the innate immune system of women is more 
active	after	delivery	[189].	There	is	evidence	that	the	postpartum	period	is	sufficient	to	
induce	several	autoimmune	disease,	such	as	 thyroiditis	 [190]	and	peripartum	cardio	
myopathy	[191].	An	increased	activity	of	the	immune	system	during	postpartum	period	
that triggers the development of RRMS, could possibly contribute to the observed 
increased female to male ratio of MS. In addition, it is known that the age in which 
woman	give	birth	to	their	first	child	has	increased	over	the	last	decades:	 in	1969	the	
average	age	was	24.3	compared	to	28.8	in	2017	[181].	Similarly,	the	age	of	onset	of	MS	is	
also	increasing	over	time,	from	31.5	in	1996	to	35.0	in	2014	[192]	(Figure	3).

To test whether pregnancy indeed could trigger an MS-like disorder, it would be 
interesting to induce mild oligodendrocyte or myelin degeneration in mice using a less 
severe	cuprizone	treatment	than	usual,	followed	by	impregnating	the	mice.	If	true	that	
the	overshoot	of	the	immune	system	after	pregnancy	is	sufficient	to	induce	an	MS-like	
disorder,	we	would	expect	 that	only	mice	 that	have	been	 impregnated	show	clinical	
signs	of	disease.	So,	it	seems	that	being	female	has	particular	effects	on	the	immune	
system and therefore on the development of RRMS, and not so much PPMS.
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4.2.3 Virus infections

Many viruses have been shown to be associated with MS, but evidence for this 
association is still controversial. Also, no virus has ever been demonstrated to be the 
single	 cause/trigger	 of	MS.	 A	 virus	 infection	however	 fits	well	 in	 our	proposed	 two-
part model. It is believed that viruses can cause autoimmune diseases through a 
process	called	molecular	mimicry	[193].	Molecular	mimicry	can	occur	when	the	peptide	
sequence of a foreign and self-peptide are similar, resulting in the cross-activation of 
autoreactive T by pathogen-derived peptides. This would mean that viral infections 
mostly	influence	the	autoimmune	component	of	MS	pathogenesis.

The	most	 investigated	 virus	 in	 context	 of	MS	 pathology	 is	 Epstein-Barr	 virus	 (EBV),	
with	 which	 around	 90%	 of	 the	 healthy	 population	 is	 infected.	 Several	 studies	 have	
been	conducted	that	 investigate	the	link	between	EBV	activity	and	occurrence	of	MS	
of	which	some	show	no	correlations	with	MS,	while	others	show	that	EBV	 is	present	
and	 transcriptionally	 active	 in	 the	brain	of	most	 (80%)	MS	 cases	 [194],	 or	 show	 that	
RRMS	patients	have	more	antibodies	against	EBV	proteins	[195].		A	study	showed	that	T	
cells	isolated	from	a	RRMS	patient	recognize	both	the	MBP(85–99)	peptide	and	an	EBV	
peptide,	EBV(627–641)	[196,197],	which	shows	that	EBV	could	induce	the	auto-immune	
component of MS. 

If	 EBV	 infections	 result	 in	 a	 primed	 immune	 system,	 which	 when	 combined	 with	
a	primary	cytodegeneration,	 leads	 to	RRMS,	 then	we	do	not	expect	 to	find	a	 strong	
correlation between virus infections and PPMS, as is the case for RRMS. Unfortunately, 
most	studies	investigating	the	occurrence	of	virus	infections/activity	do	not	differentiate	
between type of MS, only compare RRMS to control or poorly describe what the type 
of	MS	 patients	 are	 studied.	 The	 study	 that	 identified	 transcriptionally	 active	 EBV	 in	
80%	of	MS	cases	for	example	did	not	thoroughly	describe	the	clinical	type	of	patients	

FIGURE 3.    Correlation between age of onset in MS and age of woman at birth of first child. 
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studied.	However	one	study	in	which	anti-Epstein-Barr	virus	nuclear	antigen	1	(EBNA-1)	
immunoglobulin	G	(IgG)	was	measured	both	in	RRMS	and	PPMS	showed	a	significantly	
higher	 levels	of	anti-EBV	 IgG	 in	RRMS	compared	 to	PPMS	 [198].	 In	addition,	another	
study showed that only SPMS and RRMS patients and not PPMS patients displayed 
signs	of	EBV	reactivation,	as	measured	by	anti-EBV-IgM	[199].	This	data	fits	well	with	our	
hypothesis	that	EBV	influences	the	immune	system	component	of	MS,	and	therefore	
leads	 to	RRMS,	while	 it	 has	 no	 effect	 on	myelin	 damage	 /	 repair	 and	 thus	does	not	
influence	the	induction	of	PPMS.

Viruses can also target myelin or oligodendrocytes. A well-known virus that is able 
to	 target	oligodendrocytes	 (and	astrocytes)	 is	 the	 John	Cunningham	 (JC)	 virus	 [200].	
Approximately	60	 to	80%	of	 the	human	population	produces	antibodies	against	 this	
virus,	and	is	thus	a	carrier	[201].	Primary	infection	with	JC	virus	is	asymptomatic	and	
can occur in immunocompetent individuals already early in childhood. Under healthy 
conditions,	the	JC	virus	is	kept	under	control	by	the	immune	system.	However,	individuals	
that	 use	 immunosuppressive	drugs,	 such	 as	Natalizumab	 in	 the	 case	of	 RRMS,	may	
develop progressive multifocal leukoencephalopathy (PML), a demyelinating disease 
that	 progresses	 quickly.	 Patients	 suffering	 from	 PML	 generally	 die	 within	 the	 first	
few	months	after	diagnosis.	Although	PML	only	occurs	in	individuals	that	use	specific	
immunosuppressive drugs, the virus can be detected astrocytes and oligodendrocytes 
in	 the	 brains	 of	 healthy	 individuals	 [202].	 This	 shows	 that	 under	 so-called	 healthy	
conditions, the virus can replicate and infect cells of the CNS, although not in such a 
dramatic way that it leads to PML. These infections are probably accompanied by mild 
oligodendrocyte / myelin damage which could disturb the balance between myelin 
damage	 and	myelin	 repair	 and	 thus	 induce	 PPMS.	Whether	 a	 viral	 infection	 has	 an	
influence	on	the	development	of	PPMS	or	RRMS	thus	depends	on	the	virus.

4.2.4 Vitamin D

High	 sun	 light	 exposure	 and	 vitamin	D	 levels	were	 shown	 to	 correlate	with	 a	 lower	
susceptibility	of	MS	[203–205].	The	global	distribution	of	MS	prevalence	increases	with	
increasing	distance	from	the	equator.	Sun	light	exposure,	needed	for	the	production	
of	the	bioactive	form	of	vitamin	D,	is	thought	to	be	a	major	factor	contributing	to	this	
distribution.	 In	 addition,	 vitamin	 D	 deficiency	 is	 common	 amongst	 individuals	 with	
autoimmune	diseases,	including	MS	[206].	Vitamin	D	thus	clearly	has	a	strong	effect	on	
MS	pathology.	While	vitamin	D	has	many	effects,	the	main	mode	of	action	is	thought	to	
be via modulation of the immune system. Supplementing patients with  vitamin D has 
been	used	in	the	clinic,	and	has	shown	some	promising	effects	such	as	reducing	relapse	
rates	 via	 its	 various	 immunomodulatory,	 anti-inflammatory	 effects	 [207,208].	 This	
raises	the	question	whether	vitamin	D	deficiency	is	more	common	in	RRMS	compared	
to	PPMS?	While	there	are	numerous	studies	that	consistently	show	reduced	vitamin	D	
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levels	in	MS	patients	[209–223],	the	vast	majority	of	these	studies	do	not	include	PPMS	
patients, and when they do, the percentage of PPMS patients included in the study is 
low	(Table	1).	Whether	vitamin	D	supplements	are	also	effective	for	PPMS	and	SPMS	is	
something	that	still	needs	to	be	evaluated.	But	given	its	immunomodulatory	effects,	it	
is	expected	that	vitamin	D	supplementation	is	less	effective	in	the	progressive	forms	
of MS.  

In addition, it will be interesting to see if the unequal distribution of MS prevalence 
across the world also persists if we only look at PPMS. Again, we see that studies 
investigating	 the	 incidence	 and	 prevalence	 of	 MS	 rarely	 differentiate	 between	 the	
different	forms	of	MS.

4.2.5 Smoking

One	of	the	environmental	factors	that	is	a	risk	factor	for	MS	is	smoking,	there	is	a	clear	
dose–response relationship, in which the dose of smoking is related to an increased 
risk	for	the	development	of	MS	[167,224,225].	Next	to	MS,	smoking	is	also	associated	
to	 an	 increased	 risk	 of	 other	 inflammatory	 diseases,	 like	 rheumatoid	 arthritis	 (RA)	
[226]	and	Jo-antibody	positive	inflammatory	myositis	[227].	Cigarette	smoke	contains	

TABLE 1.    Studies investigating vitamin D levels in multiple sclerosis.

Study Year MS 
cases % of PPMS

25 (OH)D levels 
(nmol/L) ref

MS Control

Soilu-Hänninen 2005 40 5 54.0 71.0 [209]

Shaygannejad 2010 50 Not	specified 48.0 62.0 [210]

Lonergan 2011 329 39 38.6 36.4 [216]

Gelfand 2011 339 Not	specified 29.7 36.6 [217]

Hatamian 2013 52 0 66.1 92.6 [218]

Kirbas 2013 30 Not	specified 67.9 106.3 [219]

Mazdeh 2013 75 Not	specified 29.4 58.5 [220]

Shahbeigi 2013 98 0 79.0 89.3 [221]

Hejazi 2014 37 0 20.7 15.8 [222]

Niino 2015 70 0 42.7 49.9 [223]

Karampoor 2016 1000 14 36.2 64.4 [211]

Becker 2016 67 0 66.4 72.5 [212]

Brola 2016 184 0 47.0 63.0 [213]

Yamout 2016 50 0 53.9 36.2 [214]

Zang 2016 141 0 39.7 51.4 [215]

Average 170.8 5.3 48.0 60.4
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thousands	of	chemicals,	including	carbon	dioxide,	carbon	monoxide,	nicotine,	reactive	
oxygen	 species,	 reactive	 nitrogen	 species	 and	 free	 radicals.	 All	 these	 chemicals	 can	
spread	easily	through	the	blood	circulation	and	can	affect	the	body	in	various	ways.	For	
example,	cigarette	smoke	severely	alters	the	immune	response.	It	does	so	by	affecting	
cells	of	 the	 innate	and	the	adaptive	 immune	system	[228,229].	 In	addition,	cigarette	
smoke	induced	vascular	inflammation	and	compromises	the	function	of	the	blood	brain	
barrier,	which	can	lead	to	or	further	amplify	neuroinflammation	[230].	It	is	thus	believed	
that	 the	 influence	 of	 smoking	 on	MS	mainly	 acts	 via	 the	 immune	 system.	 However	
several studies show that smoking results in abnormal integrity of brain microstructure 
[231–233],	indicating	that	smoking	could	also	be	a	cause	of	cytodegeneration.

4.2.6 Genome wide association studies

There	 has	 been	 large	 number	 of	 genome	 wide	 association	 studies	 (GWAS),	 which	
together	identified	only	a	few	genes	that	influence	disease	susceptibility.	These	genes	
are	all	related	to	the	immune	system	and	include	HLA-Class	II,	IL2RA	and	IL7RA	[234–
242].	Despite	the	large	number	of	studies,	the	results	are	not	all	that	consistent	and	can	
appear	to	be	somewhat	unsatisfactory.	A	likely	explanation	for	the	inconsistency	is	that	
most	of	these	studies	do	not	differentiate	between	PPMS	and	RRMS	in	their	analysis.	
Furthermore, the percentage of PPMS patients included in these studies range from 
0%	to	a	max	of	25.1%	with	an	average	of	just	7.1%	(table	2).	If	it	is	correct	that	PPMS	is	
just	one	part	of	the	RRMS	disorder,	combining	PPMS	cases	together	with	RRMS	cases	
would result in larger variability within the study. Also, if we state the PPMS is a non-
immune related disorder which only cause minor damage to myelin without inducing 
an	 inflammatory	 response,	 then	 we	 would	 not	 expect	 to	 find	 the	 immune	 system	
related genetic risk factors if we only assessed PPMS cases. To test this hypothesis, 
we	correlated	the	percentage	of	PPMS	cases	included	in	the	GWAS	studies	to	the	odd-
ratio of the genetic risk factors. This analysis indeed showed an inverse trend between 
percentage	of	PPMS	patients	included	in	the	study	and	the	odd	ratio	of	IL7RA.	Because	
not	all	 these	studies	 looked	at	 the	same	genetic	 risk	 factors,	 the	 sample	 size	of	our	
correlation	 is	 quite	 low	 (max	N=5)	 the	 reliability	 of	 such	 correlation	 is	 therefore	not	
really strong.

Accepting	that	PPMS	and	RRMS	differ	fundamentally	from	each	other	and	investigating	
PPMS	 and	 RRMS	 independently	 in	 such	 GWAS	 studies	 will	 most	 likely	 lead	 to	 new	
insights in the underlying cause of MS.
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4.3 Concluding remarks and limitations

So, what is MS? I propose that RRMS is a combination of two disorders. First, a 
primary	myelin-degenerative	disorder,	possibly	directed	 specifically	against	 the	grey	
matter, which results in the PPMS disease course. And the second, susceptibility for 
autoimmunity, which combined with the primary myelin-degenerative disorder results 
in the RRMS disease course. An important consequence of this distinction between 
RRMS and PPMS is that studies investigating MS must also separate these two disease 
courses,	as	the	underling	mechanism	probably	differ	significantly.	Most	studies	have	
combined	the	different	disease	courses	to	increase	the	number	of	subjects.	Investigating	
specifically	PPMS	is	of	course	difficult	to	achieve	due	to	its	lower	prevalence,	but	may	
uncover fundamental properties of MS which may lead to a new group of therapeutic 
agents,	something	that	PPMS	and	SPMS	patients	are	anxiously	waiting	for.

TABLE 2.    Studies investigating genetic variants in multiple sclerosis.

Study Year MS 
cases % of PPMS

Odd ratio
ref

HLA1 HLA2 IL7RA3 IL2RA4

Hafler 2007 931 6.1  1.99 1.18 1.19 [234]

Trust 2007 994 11.5 0.81 [235]

Aulchenko 2008 45 Not	specified     [240]

Comabella 2008 242 0 [242]

Baranzini 2009 978 7.4     [236]

Jager 2009 860 0.6 2.75 0.89 0.87 [237]

ANZgene 2009 1618 25.1 2.78  0.88 0.85 [238]

Sanna 2010 882 0 1.086 1.025 0.776 [239]

Nischwitz 2010 592 1.0 2.621    [241]

Jakkula 2010 68 Not	specified [243]

Sawcer 2011 9772 11     [244]

Beecham 2013 14498 8.2 [245]

Average 2623.3 7.1     
1rs9271366,	2rs3135388,	3rs6897932,	4rs2104286
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