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1	

Microglia,	mavericks	of	the	immune	system	
	

Unique	CNS	cells	

The	 CNS	 contains	microglia,	 cells	 that	 resemble	 the	 peripheral	 innate	 immune	 cells	

more	than	they	do	neural	cells.	As	the	CNS	is	a	barrier‐protected	organ,	apparently,	in	

evolution	 specialized	 immune	 cells	 evolved	 for	 the	brain	 and	 spinal	 cord	 serving	 as	

protection	as	well	as	an	important	link	between	CNS	and	peripheral	immune	system.	

Microglia,	considered	the	resident	macrophages	of	the	CNS,	are	immune	cells	that	can	

develop	into	full‐blown	phagocytes	in	response	to	triggers	including	tissue	damage	or	

cell	death	(Kreutzberg,	1996).	First	discovered	by	Del	Rio	Hortega	 in	1932,	 they	are	

cells	with	a	unique	morphology	in	the	CNS.	They	have	many	processes	extending	from	

the	soma	under	healthy,	normal	condition	and	were	named	“ramified	microglia”.	Their	

functions	 are	 not	 just	 focused	 on	 protection	 from	 infectious	 diseases,	 but	 like	 in	

peripheral	 macrophages;	 debris	 clearance,	 tissue	 repair	 and	 support.	 Microglia	

encompass	approximately	10%	of	all	glial	cells	in	the	CNS,	the	largest	group	of	cells	that	

also	contains	astrocytes	and	oligodendrocytes	(Vaughan	and	Peters,	1974).	Originally,	

microglia	were	defined	as	“resting”	under	homeostatic	conditions	and	activated	during	

pathological	conditions	(Hanisch	et	al.,	2007).	This	is,	however,	an	oversimplification,	

they	 are	 highly	 dynamic	 and	 versatile	 effector	 cells	 during	 pathologies	 and	 normal	

conditions	(Nimmerjahn	et	al.,	2005).	Microglia	actively	survey	their	environment	by	

extending	their	thin	processes,	therefore	they	are	better	named	“surveying”	microglia	

and	in	response	to	signals	from	the	environment	can	become	“activated”	or	“effector	

microglia”	 (Hanisch	 et	 al.,	 2007;	 Hanisch,	 2013;	 Benarroch,	 2013).	 This	 state	 is	

characterized	 by	 a	 change	 towards	 a	 more	 amoeboid,	 rod‐like	 morphology	 and	 if	

accompanied	 by	 an	 increase	 in	 cell	 numbers,	 termed	 “microgliosis”	 (Graeber	 et	 al.,	

1988;	Boche	et	al.,	2013).	

	

Functions	of	microglia	under	homeostatic	conditions	

Apart	from	their	ability	to	clear	debris	and	eliminate	pathogens,	microglia	support	the	

function	and	health	of	neurons	and	neuronal	networks.	They	release	growth	factors,	

like	insulin‐like	growth	factor‐1	(IGF‐1)	and	brain‐derived	neurotrophic	factor	(BDNF)	

and	 promote	 the	 development,	 differentiation,	 guidance	 and	 survival	 of	 specific	

neuronal	circuits	(Butovsky	et	al.,	2006;	Ueno	et	al.,	2013;	Nayak	et	al.,	2014;	Squarzoni	

et	al.,	2014;	Arnoux	and	Audinat,	2015).	During	brain	development,	microglia	actively	
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play	a	role	in	the	elimination	of	flawed	or	surplus	neurons	by	the	induction	of	apoptosis	

(Sierra	 et	 al.,	 2010;	 Morsch	 et	 al.,	 2015).	 For	 example,	 they	 control	 the	 number	 of	

Purkinje	neurons	 in	 the	cerebellum	(Marin‐Teva	et	al.,	2004).	The	release	of	soluble	

fractalkine	 (CX3CL1)	 by	 apoptotic	 neurons	 induces	 the	 uptake	 through	 integrin‐

associated	protein	CD47	on	microglia	(Noda	et	al.,	2011;	Li	et	al.,	2012).	 In	 this	way	

microglia	 can	 also	 be	 recruited	 to	 dying	neurons	 and	 support	 the	maintenance	 of	 a	

healthy	 neuronal	 population.	 Fractalkine	 can	 also	 modulate	 microglial	 properties	

through	its	receptor	on	microglia,	CX3CR1	(Paolicelli	et	al.,	2014).	Aside	from	the	direct	

participation	 in	 neuronal	 survival,	 microglia	 also	 regulate	 synaptic	 homeostasis	

(Paolicelli	et	al.,	2011;	Ji	et	al.,	2013).	This	“pruning”	of	synapses	mostly	occurs	during	

development	 and	 is	 regulated	 by	 two	 main	 processes.	 DAP12	 is	 a	 transmembrane	

receptor,	mainly	expressed	on	microglia	in	the	CNS,	and	defects	in	this	receptor	lead	to	

a	disrupted	synaptic	density	and	function	(Roumier	et	al.,	2004).	During	development,	

the	complement	protein	C1q	is	expressed	on	synapses	and	activates	C3	(Stevens	et	al.,	

2007;	Schafer	et	al.,	2012).	This	is	recognized	by	microglia	through	their	CR3	receptor	

and	mediates	 phagocytosis.	 Disproportionate	 amounts	 of	 synaptic	 connections	 have	

been	found	in	C1q	or	CR	deficient	mice	(Stevens	et	al.,	2007).	Microglial	activity	has	a	

direct	impact	on	learning	and	memory.	Parkhurst	et	al.,	2013	showed	that	depletion	of	

microglia	 in	mice	 leads	to	reduced	synapse	formation	and	capacity	to	 learn	multiple	

tasks.	This	could	be	directly	linked	to	a	diminished	production	of	BDNF	from	microglia.	

Hence,	microglia	are	crucial	for	a	healthy	and	well‐functioning	CNS	exerting	many	more	

functions	than	just	immune	protection.					

	

Origin	of	microglia	

Microglia	are	“brain	cells	wired	like	macrophages”	(Crotti	and	Ransohoff,	2016).	While	

they	 look	 like	 macrophages,	 they	 perform	 various	 tasks	 that	 do	 not	 resemble	

macrophages,	like	neuronal	support.	For	many	years	it	was	unknown	where	microglia	

originate	 from	 and	 how	 the	 population	 is	 maintained.	 Already	 Del	 Rio‐Hortega	

suggested	that	microglia	have	a	mesodermal	origin	and	are	derived	from	macrophages.	

The	first	study	indicating	that	microglia	progenitors	might	be	originating	from	the	yolk	

sac	is	from	1999,	where	it	was	shown	that	F4/80+CD11b+	progenitors	first	appeared	in	

the	yolk	sac	and	subsequently	in	the	brain	of	mice	(Alliot	et	al.,	1999).	A	more	recent	

study	has	clarified	this	in	more	detail	by	showing	that	microglia	in	mice	arise	from	yolk	

sac	macrophages	 at	 embryonic	 day	 9.5	 (E9.5)	 (Ginhoux	 et	 al.,	 2010).	 Two	waves	 of	
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erythromyeloid	 progenitors	 (EMPs)	 can	 be	 identified,	 the	 first	 wave	 at	 E7.5	

differentiate	 locally	 into	 yolk	 sac	 macrophages,	 the	 second	 wave	 at	 E8.5	 also	

differentiate	into	yolk	sac	macrophages	and	after	the	formation	of	the	bloodstream	at	

E9.0	migrate	to	the	fetal	liver.	Microglia	arise	from	the	first	wave	and	therefore	these	

primitive	microglia	appear	at	the	developing	CNS	before	the	formation	of	the	fetal	liver‐	

and	bone‐marrow	hematopoiesis	(Alliot	et	al.,	1999;	Ginhoux	et	al.,	2010;	Mizutani	et	

al.,	2012;	Hoeffel	et	al.,	2015;	Waisman	et	al.,	2015).	Yolk‐sac	macrophages	populate	

embryonic	tissues	including	the	brain	(via	the	blood	stream,	where	the	brain	develops	

from	E8.5	–	E10	(McGrath	et	al.,	2003).	Only	at	E12.5,	the	fetal	liver	starts	producing	

hematopoietic	cells	(Ginhoux	and	Jung,	2014).	This	first	wave	of	EMPs,	 leads	to	ckit+	

EMPs	that	differentiate	into	c‐kitlowCX3CR1‐CD45+cells	that	mature	and	migrate	to	the	

brain	as	c‐kit‐Cx3CR1+CD45+	cells.	These	cells	also	upregulate	F4/80	and	macrophage	

colony	 stimulating	 factor	 receptor	 (MCSF‐R)	 and	 use	 matrix	 metalloproteinases	 to	

enter	the	developing	brain	(Kierdorf	et	al.,	2013;	Mizutani	et	al.,	2012).	Fetal	monocytes	

are	not	able	to	enter	the	CNS	after	the	blood‐brain	barrier	(BBB)	 is	 formed	at	E13.5	

(Daneman	et	al.,	2010).	This	indicates	that	microglia	have	a	distinct	and	unique	origin	

in	comparison	to	the	peripheral	macrophages.		

	

The	microglia	identity	

The	half‐life	of	microglia	is	unknown,	and	an	undisputed	microglia	progenitor	pool	in	

the	CNS	has	not	been	 identified.	Ablation	 studies	 showed	 that	microglia	 can	quickly	

repopulate	the	CNS	from	cells	that	express	proliferation	markers	Ki67,	BrdU	and	the	

neural	stem	cell	marker	nestin	(Elmore	et	al.,	2014;	Bruttger	et	al.,	2015).	It	still	has	to	

be	 elucidated	whether	 they	 originate	 from	 a	microglia	 progenitor,	 or,	 as	 shown	 by	

Bruttger	et	al.,	2015,	that	5‐10%	of	the	microglia	population	can	repopulate	the	whole	

CNS.	 But	 it	 is	 apparent	 that	 an	 endogenous	 CNS	 source	 is	 present.	 Microglia	 can	

maintain	 themselves	 without	 contribution	 from	 the	 bone	 marrow	 under	 normal	

conditions	(Ajami	et	al.,	2007;	Ginhoux	et	al.,	2010;	Schulz	et	al.,	2012).	It	is	unknown	

whether	the	newly	formed	microglia	have	the	same	characteristics	as	original	microglia	

after	such	“artificial”	depletion	techniques.		

Multiple	factors	have	been	identified	that	are	essential	for	the	microglia	phenotype,	

primarily	TGF‐β,	PU.1,	CSF1R,	IRF8,	and	RUNX1.	TGF‐β	has	shown	to	be	an	important	

factor	for	the	signature	microglia	characteristics,	being	a	master	regulator	for	a	wide	

set	 of	 genes	 (Butovsky	 et	 al.,	 2014).	 PU.1	 is	 a	 hematopoietic	 transcription	 factor,	



Chapter	1	 	

  	
16 
 

important	 for	 the	 formation	 of	 peripheral	 immune	 cells	 and	 microglia	 during	

development	(Beers	et	al.,	2006;	Rosenbauer	and	Tenen,	2007;	Nayak	et	al.,	2014).	In	

microglia,	 PU.1	 is	 also	 crucial	 for	 their	 phagocytic	 capabilities	 (Smith	 et	 al.,	 2013).	

CSF1R,	a	receptor	on	mononuclear	myeloid	cells	and	microglia,	together	with	one	of	its	

ligands,	IL‐34,	is	important	for	the	survival,	chemotaxis	and	development	of	these	cells	

(Dai	et	al.,	2002;	Nandi	et	al.,	2012).	IRF8,	a	heterodimeric	partner	of	PU.1,	is	important	

for	microglia	differentiation	and	activation,	while	RUNX1,	likewise,	regulates	microglia	

proliferation	and	homeostasis	(Kierdorf	et	al.,	2013;	Crotti	and	Ransohoff,	2016).	It	also	

directly	influences	the	expression	of	PU.1	and	CSF1R	(Zhang	et	al.,	1996;	Huang	et	al.,	

2008).	 In	 conclusion,	 this	 set	 of	 factors	 is	 important	 for	 the	 differentiation	 and	

maintenance	of	microglia.		

	

Microglia‐unique	markers	and	similarities	to	macrophages	

Tissue	macrophages	arise	from	different	sources	during	development,	initially	as	yolk	

sac	macrophages	 from	EMPs,	 subsequently	 from	primitive	macrophages	 of	 the	 fetal	

liver	and	 finally	as	postnatal	macrophages	derived	 from	monocytes	out	of	 the	bone‐

marrow	(Crotti	and	Ransohoff,	2016).	Thus,	adult	microglia	have	a	distinct	origin	 in	

comparison	to	adult	macrophages	(Hoeffel	et	al.,	2016).	But,	they	both	express	CD11b	

and	 CD45	 on	 the	 surface,	 IBA1	 intracellularly,	 and	 sometimes,	 especially	 when	

microglia	 are	 activated,	 they	 are	 difficult	 to	 morphologically	 distinguish	 with	 the	

current	techniques.	In	humans	and	mice,	it	has	been	shown	that	microglia	are	CD11b+	

and	CD45int	when	examined	by	flow	cytometry,	whereas	macrophages	are	CD11b+	and	

CD45high	(Dick	et	al.,	1997;	de	Haas	et	al.,	2007).	But,	it	is	believed	that	microglia	can	

upregulate	CD45	expression,	making	it	difficult	to	distinguish	them	from	other	myeloid	

cells	 (Sedgwick	 et	 al.,	 1998).	 In	 the	 last	 5	 years,	 much	 research	 has	 focused	 on	

chemokine	receptor	CCR2	(Hellwig	et	al.,	2013).	Multiple	studies	using	bone‐marrow	

transplantations	 and	 transgenic	 mouse	 models	 have	 concluded	 that	 CCR2	 is	 not	

expressed	 on	microglia,	 but	 specifically	 on	monocytes/macrophages	 (Mildner	 et	 al.,	

2007;	 Saederup	 et	 al.,	 2010;	 Mizutani	 et	 al.,	 2012).	 In	 addition,	 other	 studies	 have	

indicated	that	microglia	do	not	express	CCR2	at	the	RNA	level	(Zuurman	et	al.,	2003;	

Olah	et	al.,	2012).	CCR2	is	an	important	receptor	involved	in	migration	and	infiltration	

of	inflamed	tissues.	Thus,	it	is	not	surprising	that	monocytes	need	CCR2	to	effectively	

infiltrate	 (Mildner	 et	 al.,	 2007;	Mizutani	 et	 al.,	 2012).	 However,	 reports	 on	 CCR2	 in	

microglia	 are	 conflicting,	 numerous	 reports	 underline	 the	 importance	 of	 CCR2	 in	
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microglia	for	recruitment	to	sites	of	injury	(Zhang	et	al.,	2007;	El	Khoury	et	al.,	2007;	

Deng	et	al.,	2009).	In	addition,	after	cells	arrive	at	the	inflamed	areas	they	might	down‐

regulate	CCR2,	leading	to	a	possible	misinterpretation	of	results	when	using	this	marker	

to	distinguish	microglia	from	macrophages.	A	total	of	100	genes	have	been	identified	

that	differentiate	microglia	from	other	brain	cells,	genes	that	encode	proteins	important	

for	microglia	to	sense	changes	in	their	environment	(Hickman	et	al.,	2013).	Examples	

are	 P2ry12,	 Csf1r,	 Cx3cr1,	 Siglec,	 Tmem119,	 Cd33	 and	 Tyrobp.	 Another	 study	 found	

additional	genes	like	Trem2	and	transcription	factor	Irf8	(Zhang	et	al.,	2014).	Butovsky	

et	al.,	2014,	reported	a	list	of	239	genes	important	for	discrimination	between	microglia	

and	myeloid	cells,	including	Mertk,	Fcrls,	P2ry11,	P2ry12	and	C1qa.	Using	these	markers,	

a	 more	 sophisticated	 separation	 of	 microglia	 from	 infiltrated	 macrophages	 can	 be	

made.	Butovsky	and	colleagues	generated	antibodies	against	FCRLS	and	P2ry12,	and	

previously	CD39	to	distinguish	microglia	from	myeloid	infiltrates	in	homeostatic	and	

the	diseased	CNS	(Butovsky	et	al.,	2012;	Butovsky	et	al.,	2014;	Yamasaki	et	al.,	2014).	In	

addition,	it	still	has	to	be	elucidated	whether	infiltrated	macrophages	during	adulthood	

can	differentiate	into	microglia	and	acquire	a	microglia‐like	phenotype.	If	mice	undergo	

irradiation	 and	 a	 bone‐marrow	 transplantation	 and	 microglia	 are	 ablated	 or	

neuroinflammation	is	induced,	peripheral	immune	cells,	in	particular	CCR2+	Ly‐6Chigh	

expressing	 monocytes,	 can	 contribute	 to	 the	 microglia	 pool	 (Mildner	 et	 al.,	 2007;	

Bruttger	 et	 al.,	 2015).	 However,	 when	 irradiation	 is	 not	 used,	 the	 contribution	 of	

peripheral	immune	cells	is	rather	limited	or	not	present	(Mildner	et	al.,	2007;	Ajami	et	

al.,	2007;	Bruttger	et	al.,	2015).	This	indicates	that	microglia	have	a	unique	phenotype,	

are	self‐	maintained	and	even	under	inflammatory	conditions	can	proliferate	without	

contribution	from	the	peripheral	immune	system	(figure	1).		

Figure	1.	Summary	of	microglia	functions,	membrane	and	identity	markers.	
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Microglia	phenotypes		

Microglia	have	been	and	still	are	classified	as	classically	activated	(M1)	or	alternatively	

activated	 (M2).	 The	 M1	 phenotype	 corresponds	 to	 a	 destructive,	 pro‐inflammatory	

state	(genes	like	IL‐1β,	TNF‐α	and	iNOS)	while	M2	is	associated	with	debris	clearance	

and	release	of	protective	factors	(genes	like	Arg‐1,	TGF‐β	and	IL‐10)	(David	and	Kroner,	

2011).	These	so	called	‘absolute’	phenotypes	were	established	in	vitro	and	have	mostly	

been	translated	from	macrophage	biology	to	microglia	(Mosser	and	Edwards,	2008).	In	

vivo	microglia	phenotypes	are	much	more	complicated	and	therefore	the	M2	phenotype	

has	 been	 divided	 in	 M2a,	 M2b	 and	 M2c	 trying	 to	 cover	 and	 represent	 the	 in	 vivo	

situation	better.	Still,	this	categorization	is	not	complete	and	insufficient	to	describe	the	

state	of	a	cell	without	extreme	oversimplification	as	mostly	M1/M2	mixed	phenotypes	

are	present	in	vivo	(Ponomarev	et	al.,	2013).		

	 As	described	above,	microglia	have	multiple	 important	 functions	 in	 the	CNS.	 It	 is	

generally	assumed	that	malfunctioning	microglia	and	their	associated	phenotypes	are	

probably	 involved	 in	 neurodegenerative/psychiatric	 disorders.	 For	 example,	 in	

Alzheimer’s	disease	 the	 inefficient	 clearance	of	Aβ	by	microglia	has	been	associated	

with	 disease	 progression	 (Mawuenyega	 et	 al.,	 2010).	 Also,	mutations	 in	 the	 Hoxb8,	

especially	affecting	microglia,	lead	to	excessive	grooming	behavior	in	mice	(Chen	et	al.,	

2010).	The	Rett	syndrome,	resulting	in	females	with	deficits	in	social	interaction	and	

language	communication	amongst	others,	is	caused	by	mutations	in	the	MECP2	gene,	

mainly	by	defects	in	microglial	regulation	of	synaptic	plasticity	(Derecki	et	al.,	2012).	

Taken	 together,	microglia	are	emerging	as	 interesting	 targets	 for	possible	 therapies.	

Next,	 the	 role	 of	microglia	 and	myeloid	 infiltrates	 is	 discussed	 in	 the	 context	 of	MS	

specifically,	the	main	topic	of	the	work	presented	in	this	thesis.	

				

Multiple	sclerosis		
	

A	complex	disease	

MS	is	a	disorder	that	affects	2.5	million	people	worldwide	and	starts	with	temporary	

neurologic	symptoms,	that	over	time	progress	to	permanent	disabilities	ranging	from	

visual,	balance	and	movement	problems,	muscle	weakness,	 fatigue,	chronic	pain	and	

bladder	difficulties	(Hauser	and	Oksenberg,	2006;	Compston	and	Coles,	2008).	Apart	

from	the	physical	problems,	cognitive	functions	are	also	affected	leading	to	decreased	

mental	processing	speed	and	memory	loss	among	others	(Russi	and	Brown,	2015).	MS	
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follows	 an	 unusual	 pattern,	 unlike	 most	 other	 neurodegenerative	 diseases.	 It	 often	

starts	 at	 the	 young	 age	 of	 20‐40	 years,	 mostly	 in	 women,	 and	 develops	 into	 a	

progressive	disease	after	5‐25	years	(Ransohoff	et	al.,	2015).	While	it	is	considered	a	

neurodegenerative	 disorder,	 unlike	 other	 CNS	 diseases,	 it	 is	 also	 an	 inflammatory	

demyelinating	 disease	 (Weinshenker,	 1995).	 Typically,	 MS	 is	 characterized	 by	

neurological	 dysfunction;	 acute	 attacks,	 or	 relapses,	 once	 per	 2	 years	 followed	 by	

(in)complete	 recoveries.	 This	 part	 of	 the	 disease	 is	 named	 relapsing‐remitting	 MS	

(RRMS)	and	encompasses	85%	of	the	patients	with	MS.	After	5‐25	years	these	acute	

attacks	change	into	a	slow	aggravation	of	the	symptoms	called	secondary	progressive	

MS	(SPMS).	Approximately	70%	of	the	patients	with	RRMS	will	convert	to	SPMS	and	

often	 the	 consequence	 is	 that	patients	end	up	 in	a	wheel	 chair	 (Sola	et	 al.,	 2011).	A	

subgroup	of	RRMS	patients,	around	15%,	have	mild	relapses	and	do	not,	or	very	slowly	

develop	 SPMS	 (Correale	 et	 al.,	 2012).	 Approximately	 10%	 of	 the	 patients,	 do	 not	

undergo	RRMS	but	right	away	develop	a	progressive	pattern,	designated	as	primary	

progressive	MS	(PPMS).	One	of	the	hypotheses	is	that	these	patients	do	have	lesions,	

but	 in	 “clinically	 silent	 regions”	and	because	of	 an	accumulation	of	 lesions	overtime	

develop	disability	(Okuda	et	al.,	2011;	Ransohoff	et	al.,	2015).	Interestingly,	women	are	

usually	diagnosed	at	 an	 earlier	 age	 and	most	often	 follow	a	RRMS	pattern,	whereas	

males	develop	MS	later	in	life	and	display	more	PPMS	(Whitacre,	2001).	A	very	small	

group	of	patients	quickly	develops	very	severe	symptoms	and	some	of	them	actually	

die	because	of	this	aggressive	form.	This	form	is	termed	“aggressive	MS”.	Unfortunately,	

this	aggressive	form	of	MS	is	currently	very	difficult	to	treat	(Rush	et	al.,	2015).		

	

Etiology	and	in‐out/out‐in	model	of	MS				

MS	is	characterized	by	lesions,	areas	of	damage	in	the	CNS.	These	lesions	occur	mostly	

in	 the	white	matter	where	 axons	 have	 lost	 their	myelin	 sheath	 that	 is	 required	 for	

saltatory	action	potential	propagation.	White	matter	lesions	are	considered	hallmarks	

of	 MS,	 but	 lesions	 in	 the	 cortical	 gray	 matter	 are	 also	 associated	 with	 disease	

progression.	These	cortical	gray	matter	lesions	are	accompanied	by	inflammation	in	the	

meninges,	 a	 network	 of	 blood	 vessels	 directly	 on	 top	 of	 the	 CNS,	 but	 hardly	 show	
infiltration	 of	 peripheral	 immune	 cells	 (Popescu	 and	 Lucchinetti,	 2012;	 Russi	 et	 al.,	

2015).	While	 at	 the	 early	 stages	most	 lesions	 appear	 in	 the	white	matter	 that	 start	

around	the	small	blood	vessels,	during	SPMS	or	PPMS	there	is	broad	degeneration	in	

the	 cortex,	 both	 in	 gray	 and	 white	 matter	 (Kutzelnigg	 et	 al.,	 2005).	 It	 is	 unknown	
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whether	damage	to	gray	matter	neurons	is	a	consequence	of	axonal	damage	in	the	white	

matter	or	a	separate	process	(Geurts	et	al.,	2012;	Calabrese	et	al.,	2015).		

The	main	hypothesis	of	 the	 last	decades	 is	 that	 infiltration	of	peripheral	 immune	

cells	into	the	CNS	induces	demyelination	and	disrupts	neuronal	signaling	(Frischer	et	

al.,	2009).	MS	is	considered	an	auto‐immune	disease	because	1)	demyelinating	lesions	

contain	T‐	and	B‐lymphocytes,	2)	genome‐wide	association	studies	(GWAS)	show	that	

genes	involved	in	the	immune	response	are	overrepresented,	3)	peripheral	blood	of	MS	

patients	contains	immune	cells	reacting	specifically	against	CNS	antigens	and	4)	disease	

suppression	is	currently	most	effective	with	immune	modulating	drugs	(Yadav	et	al.,	

2015).	 GWAS	 studies	 identified	 a	 strong	 association	 between	 the	 human	 leukocyte	

antigen	 (HLA)	 locus,	 involved	 in	 antigen	 recognition,	 and	 MS	 (Lincoln	 et	 al.,	 2005;	

Gourraud	et	al.,	2012).	Also,	110	novel	risk	loci	outside	of	the	HLA	region	have	been	

found	and	many	of	these	risk	variants	are	immunologically	relevant	genes	involved	in	

for	example	T‐lymphocyte	differentiation,	proliferation	and	activation	(Sawcer	et	al.,	

2011;	Beecham	et	 al.,	 2013;	 Sawcer	 et	 al.,	 2014).	Hence,	 the	 immune	 system	and	 in	

particular	 dysregulated	 lymphocytes	 are	 probably	 the	 leading	 cause	 for	 the	

development	 of	MS	 (Yadav	 et	 al.,	 2015).	 It	 is	 believed	 that	myelin‐reactive	 CD4+	 T‐

lymphocytes	drive	the	pathogenesis.	These	T‐lymphocytes	consist	of	T‐helper	type	1	

and	 type	 17	 cells	 and	 most	 likely	 exert	 their	 pathogenic	 activity	 because	 of	 a	

dysregulation	in	the	T‐cell	compartment	including	defects	in	regulatory	T‐lymphocytes.	

They	disrupt	the	BBB,	which	facilitates	infiltration	of	other	immune	cells	into	the	CNS	

with	 all	 subsequent	 consequences	 (Yadav	 et	 al.,	 2015).	 This	 is	 considered	 to	 be	 the	

outside‐in	model	of	MS,	a	trigger	and	pathogenic	process	outside	of	the	CNS	eventually	

leads	to	demyelination	and	neurodegeneration	within	the	CNS.			

Many	 environmental	 risk	 factors	 have	 been	 identified,	 examples	 are	 vitamin	 D	

deficiency,	 Epstein‐Barr	 virus	 (EBV)	 infection,	 nutrition	 and	 cigarette	 smoke	

(Simopoulos,	2002;	Ascherio	et	al.,	2012).	All	these	risks	are	associated	with	increased	

inflammation	 (Grant	 and	 Riise,	 2016).	 The	 most	 interesting	 risk	 factor	 is	 less	 sun	

exposure	as	it	can	lead	to	lower	levels	of	vitamin	D	and	many	MS	risk	variants,	like	HLA‐

DR15,	have	vitamin	D	response	elements	(Agliardi	et	al.,	2011;	Nolan	et	al.,	2012).	In	

fact,	 this	might	 partially	 explain	 the	 higher	 incidence	 of	 MS	 in	 northern	 Europe,	 in	

comparison	 to	 southern	 Europe	 (Bjornnevik	 et	 al.,	 2014).	 Also	 nutrition,	 as	 in	 the	

Western	diet,	is	a	MS	risk	factor.	Thus	high	fat	and	salt	intake	promote	obesity	and	white	
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adipose	tissue	formation,	that	lead	to	an	increased	pro‐inflammatory	cytokine	release	

and	low‐grade	inflammation	(Manzel	et	al.,	2014;	Yadav	et	al.,	2015).		

As	the	main	risk	factors	are	unknown,	the	real	cause	for	MS	and	whether	it	starts	in	

the	periphery	or	CNS,	is	unclear.	Immunomodulatory	drugs	can	delay	the	disorder,	but	

do	not	stop	progression.	Possibly	the	immune	response	is	a	reaction	to	axonal	damage	

or	myelin	degradation	originating	in	the	CNS.	The	inside‐out	hypothesis	proposes	that	

MS	starts	because	of	cytodegeneration	within	the	CNS,	indicating	that	PPMS	is	the	“real”	

MS.	Patients	with	RRMS	and	eventually	SPMS	have	a	primed	immune	system	towards	

CNS	antigens	that	end	up	in	the	periphery	(Stys	et	al.,	2012).	It	might	be	that	MS	starts	

because	 of	 defects	 in	 the	 myelin	 sheath	 or	 metabolic	 abnormalities	 in	 neurons	 or	

oligodendrocytes	 and	 eventually	 leads	 to	 an	 immune	 response	 that	 only	 worsens	

disease	 progression.	 As	 MS	 has	 many	 forms,	 identifying	 the	 initiating	 event(s)	 has	

proven	to	be	challenging.		

	

Treatment	of	MS	

Present	MS	therapy	focuses	on	modulating	the	immune	system.	Here,	we	discuss	the	6	

most	 important	 drugs	 that	 target	 the	 immune	 cells	 during	 RRMS:	 Natalizumab,	

Fingolimod,	Dimethyl	fumarate,	Copaxone,	Betaseron	and	Teriflunomide.	Natalizumab	

(Biogen	 Idec)	 is	a	monoclonal	antibody	 that	was	directly	 translated	 from	MS	mouse	

models.	It	blocks	leukocyte	infiltration	into	the	CNS	by	blocking	vascular	cell	adhesion	

molecule	1	(VCAM1)	on	endothelial	cells.	The	use	of	this	drug	can	lead	to	severe	side	

effects,	 like	 opportunistic	 infections,	 as	 it	 does	 affect	 the	 T‐cell	 repertoire	 and	

lymphocyte	entry	into	tissues	(Bloomgren	et	al.,	2012;	Warnke	et	al.,	2013).	Fingolimod	

(Novartis,	Gilenya)	induces	T‐lymphocytes	to	move	from	the	blood	into	the	secondary	

lymphoid	organs,	thereby	lowering	the	number	of	auto‐reactive	T‐lymphocytes	in	the	

blood	that	can	infiltrate	into	the	CNS	(Xie	et	al.,	2003).	Dimethyl	fumurate	inhibits	the	

production	of	nitric	oxide	and	reactive	oxygen	species	by	immune	cells,	reducing	the	

damage	 to	 neurons	 (Albrech	 et	 al.,	 2012).	 Copaxone	 (Teva	 Pharmaceuticals)	 a	

glatiramer	 actetate	 and	 Betaseron	 (multiple	 companies)	 which	 is	 IFN‐β1	 are	 less	

effective	drugs,	but	have	fewer	side	effects	(Damal	et	al.,	2013).	Finally,	Teriflunomide	

(Sanofi,	Aubagio)	is	effective	at	inhibiting	the	autoimmune	response	by	hindering	clonal	

expansion	of	 lymphocytes	(Oh	and	O’	Connor,	2013).	Recently,	new	drugs	have	been	

approved,	 like	 Alemtuzumab	 and	 Ocrelizumab	 that	 deplete	 CD52pos	 and	 CD20pos	

lymphocytes	(Russi	and	Brown,	2014).	All	drugs	that	are	used	nowadays	and	upcoming	
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drugs	 are	 focused	 on	 inhibiting	 the	 immune	 system	 to	mount	 an	 effective	 immune	

reaction,	all	have	and	will	have	major	side	effects.	Furthermore,	current	therapies	only	

target	the	symptoms	and	modulate	RRMS,	and	are	less	effective	during	SPMS	or	PPMS.	

	

Animal	models	for	MS	

Toxin	based	models	

As	 MS	 is	 a	 CNS	 disorder,	 studying	 the	 pathogenic	 process	 in	 live	 patients	 is	 quite	

challenging	 and	 has	 obvious	 limitations.	 Therefore,	 animal	 models	 recapitulating	

different	parts	of	the	disorder	have	been	developed	with	a	focus	on	mice.	A	group	of	

models	have	been	developed,	in	general	recapitulating	the	inside‐out	hypothesis	of	MS.	

Using	toxins,	administered	locally	or	systemic,	demyelination	can	be	provoked	in	the	

CNS.	Various	toxins	are	being	used	to	induce	focal	demyelination	at	a	desired	location	

like	 lysolecithin	 (lysophosphatidylcholine;	 LPC)	 and	 ethidium	 bromide	 (EB),	 or	

bacterial	 endotoxins,	 6‐aminonicotinamide	 and	 photo	 targeted	 ablation	 of	

oligodendrocytes	 (Kipp	 et	 al.,	 2012).	 Injections	 with	 LPC	 and	 EB	 cause	 acute	

demyelination	 followed	 by	 remyelination.	 The	most	widely	 used	 toxin	 is	 cuprizone	

(biscyclohexanone	 oxaldihydrazone),	 administered	 through	 the	 food	 cuprizone	

selectively	depletes	oligodendrocytes	(Carlton,	1969).	This	depletion	occurs	primarily	

in	the	corpus	callosum	and	is	an	effective	model	to	study	the	effect	of	demyelination	on	

microglia	 with	 minimal	 involvement	 of	 the	 peripheral	 immune	 system.	 While	

infiltration	of	peripheral	immune	cells	has	been	described,	some	studies	indicate	that	

infiltration	 is	minimal	 (McMahon	et	al.,	2002;	Remington	et	al.,	2007;	Mildner	et	al.,	

2007).	 The	major	 hallmarks	 of	 cuprizone	 are	 oligodendrocyte	 death	 and	microglial	

activation.	 Minocycline	 treatment	 in	 cuprizone	 leads	 to	 less	 demyelination	 and	

microglial	activation,	at	the	same	time	remyelination	is	also	reduced	(Fan	et	al.,	2007;	

Pasquini	 et	 al.,	 2007;	 Skripuletz	 et	 al.,	 2010;	 Tanaka	 et	 al.,	 2013).	 Whether	 or	 not	

peripheral	 immune	 infiltrates	 are	 present	 in	 the	 CNS	 is	 crucial	 to	 know	 for	 good	

interpretation	 of	 these	 results	 as	 minocycline	 paralyzes	 microglia	 and	

monocytes/macrophages.	After	5‐6	weeks	of	cuprizone	treatment,	the	corpus	callosum	

and	 hippocampus	 are	 demyelinated,	 this	 process	 is	 named	 “acute	 demyelination”	

(Skripuletz	 et	 al.,	 2011).	 When	 mice	 are	 switched	 to	 a	 normal	 diet,	 complete	

remyelination	 occurs.	 When	 mice	 are	 fed	 cuprizone	 for	 12	 weeks	 or	 longer,	

remyelination	no	 longer	occurs	(Kipp	et	al.,	2009).	The	main	difference	between	the	
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above	 mentioned	 toxins	 lies	 in	 their	 myelin	 breakdown	 dynamics	 and	 degree	 of	

oligodendrocyte	loss	(Blakemore	and	Franklin,	2008).			

			

Experimental	autoimmune	encephalomyelitis	

The	 best	 established	 and	 most	 used	 MS	 model	 is	 experimental	 autoimmune	

encephalomyelitis	(EAE)	which	involves	the	inoculation	of	animals	with	emulsified	CNS	

antigens	 along	 with	 immune	 stimulants	 that	 generate	 pathogenic	 T‐lymphocytes	

directed	at	myelin	(Rivers	et	al.,	1933;	Dendrou	et	al.,	2015).	This	can	be	considered	as	

an	outside‐in	model	of	MS,	as	the	disorder	is	provoked	in	the	periphery.	EAE	mimics	

many	 important	 pathological,	 immunological	 and	 clinical	 features	 of	MS	 (Ransohoff,	

2012;	Russi	and	Brown,	2015).	Different	animal	species	are	susceptible	to	EAE;	among	

them	mice,	rats,	macaques,	marmosets	and	rhesus	monkeys	(Lassmann,	2007).	Myelin	

basic	protein	(MBP)	was	the	first	used	CNS	myelin	antigen,	later	others	were	included	

like	myelin	oligodendroglial	glycoprotein	(MOG)	and	myelin	proteolipid	protein	(PLP).	

While	 initially	 EAE	 was	 developed	 in	 non‐human	 primates	 and	 large	 rodents,	 the	

disease	model	is	nowadays	mostly	applied	in	mice.	Studies	in	mice	can	make	advantage	

of	 available	 genetic	 models	 like	 gene	 knockouts.	 The	 disadvantage	 of	 mouse	 EAE	

experiments	is	that	the	neuropathology	and	behavioral	expression	is	less	complex	than	

in	non‐human	primates	(Ransohoff,	2012).		

The	 BBB	 is	 compromised	 in	 mice	 with	 EAE,	 infiltration	 of	 innate	 and	 adaptive	

immune	cells	and	axonal	and	oligodendrocyte	damage	is	present.	EAE	mice	gradually	

become	 paralyzed,	 starting	 with	 a	 limp	 tail	 and	 progress	 to	 complete	 hind	 limb	

paralysis.	 Most	 studies	 immunize	 C57BL/6	 mice	 with	 (subcutaneous)	 MOG35‐55	

emulsified	in	complete	Freund’s	adjuvant	with	a	Mycobacterium	tuberculosis	extract.	

Mice	are	injected	intraperitoneal	with	pertussis	toxin	on	the	day	of	immunization	and	

the	day	after	(Hooke	laboratories).	This	procedure	and	model	is	very	reproducible	and	

because	 of	 the	 C57BL/6	 background,	 a	 highly	 used	 and	 important	 tool	 for	 studying	

genetic	 changes	 and	 their	 effects	 on	MS.	 The	 C57BL/6	 EAE	mouse	model	 follows	 a	

monophasic	pattern,	mainly	driven	by	CD4+	T‐lymphocytes	(Paterson	et	al.,	1979).	This	

type	of	EAE	is	often	called	“acute	EAE”	due	to	its	rapid	paralysis	or	“chronic	EAE”	as	

mice	become	paralyzed	and	have	incomplete	recovery	(‘t	Hart	et	al.,	2011).	While	the	

MOG	peptide	is	mostly	used	as	the	inducing	antigen,	PLP	in	SJL	mice	leads	to	a	relapsing	

form,	that	resembles	RRMS	more	closely	(Ransohoff,	2012).	In	addition,	the	Biozzi	ABH	

EAE	mouse	model,	induced	with	spinal	cord	homogenates,	is	currently	the	model	most	
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resembling	 MS	 in	 terms	 of	 clinical	 appearance.	 These	 mice	 display	 a	 progressive	

pathology	with	relapses	and	remissions	and	finally	become	chronic	(Baker	et	al.,	1990;	

chapter	5	this	thesis).	Therefore,	they	mimic	the	progression	of	most	MS	patient	starting	

with	RRMS	and	convergence	to	SPMS.	During	relapses	the	myelin	and	axonal	damage	is	

more	evident	than	at	the	acute	phase	(Baker	et	al.,	1990;	Amor	et	al.,	1994).	While	the	

SJL	and	Biozzi	ABH	mice	are	probably	more	clinically	relevant,	transgenic	mouse	lines	

in	these	genetic	backgrounds	are	limited	or	absent.	Many	transgenic	and	knockout	lines	

are	available	in	a	C57BL/6	background,	making	it	more	useful	as	a	model	(Russi	and	

Brown,	2015)	(section	summarized	in	fig.	2).		

Figure	2.	Most	commonly	used	models	for	MS.	These	models	can	be	divided	into	two	groups;	models	where	

the	disorder	is	induced	in	the	periphery	(outside‐in)	and	based	on	an	auto‐immune	reaction	or	models	where	the	

damage	 is	 directly	 elicited	 in	 the	 CNS	 (can	 be	 considered	 inside‐out).	 EAE	 is	 characterized	 by	 extensive	

infiltration	of	peripheral	immune	cells,	wide‐spread	demyelination	and	partial	remyelination.	The	best	examples	

are	MOG‐C57BL/6	mice	(resemble	aggressive	MS;	A‐MS),	PLP‐SJL	(undergo	a	relapsing‐remitting	progression	

like	RRMS)	and	 SCH	 (spinal	 cord	homogenate)‐Biozzi	ABH	mice	 (display	a	 relapsing‐remitting	 followed	 by	

chronic	disease	course	like	RRMS	followed	by	SPMS).	The	inside‐out	groups	contain	models	that	start	in	the	CNS	

and	cause	the	activation	of	microglia,	with	limited	involvement	of	the	peripheral	immune	system.	Demyelination	

is	induced	at	specific	locations	and	complete	remyelination	follows	after	the	toxic	compounds	are	removed.	The	

best	examples	are	the	cuprizone,	lysophosphatidylcholine	(LPC)	and	ethidium	bromide	(EB)	models.	Due	to	their	

demyelination,	limited	involvement	of	the	immune	system	and	possible	chronic	nature	(12	weeks	of	cuprizone)	

they	resemble	more	PPMS	than	other	MS	forms.		
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Another	EAE	model	involves	passive	induction	(adoptive	transfer)	by	T‐lymphocytes	

and	 indicates	 that	 disease	 can	 be	 transferred	 through	 the	 blood	 by	 T‐lymphocytes,	

which	are	crucial	for	the	disorder	(Bernard	et	al.,	1976;	Steinman	and	Zamvil,	2006).	

EAE	differs	from	MS	in	many	aspects;	in	EAE	infiltration	of	CD4+	T‐lymphocytes	is	

followed	by	macrophage	infiltration	and	microglia	activation	(Flugel	et	al.,	2001).	In	MS,	

the	 proposed	 sequence	 is	 different,	 first	 activated	 microglia	 appear.	 Then	 CD8+	 T‐

lymphocytes,	the	main	class	of	T‐lymphocytes	in	MS,	infiltrate	during	a	first	wave.	After	

macrophage	infiltration,	a	second	wave	of	CD8+	T‐lymphocyte	infiltration	occurs	that	

also	includes	CD4+	T‐lymphocytes	and	B‐lymphocytes	(Lassmann	and	Horssen,	2011).	

Also,	at	 later	stages	of	MS,	 inflammation	 levels	decrease	 to	 the	same	 level	as	 in	age‐

matched	 controls	 and	 the	 inflammation	 becomes	 “trapped”	 behind	 a	 closed	 BBB	

(Hochmeister	et	al.,	2006;	Frischer	et	al.,	2009).	These	characteristics	are	not	observed	

in	EAE	models.	While	EAE	is	a	more	complete	model	 than	the	cuprizone	model	as	 it	

includes	demyelination	and	inflammation,	the	lesions	induced	by	cuprizone	resemble	

MS	 lesions	 more	 than	 EAE	 lesions.	 These	 lesions	 undergo	 demyelination	 and	

remyelination,	and	like	in	some	MS	lesions,	even	at	the	same	time	(Ransohoff,	2012).		

	

Microglia	and	myeloid	infiltrates	in	MS	and	mouse	models	

As	 described	 above,	 T‐lymphocytes	 are	 essential	 for	 EAE	 progression	 and	 in	 MS	

pathology.	The	Th1:Th17	ratio	determines	the	exact	pathology	location,	where	more	

Th1	T‐lymphocytes	lead	to	pathology	in	the	spinal	cord,	and	a	stronger	Th17	response	

drives	monocyte	infiltration	in	the	brain	(Stromnes	et	al.,	2008).	This	polarization	of	T‐

lymphocytes	 occurs	 locally	 by	 antigen	 presenting	 cells	 (APC).	 By	 secretion	 of	 IL‐12	

interferon‐γ	Th1	helper	 cells	 arise,	whereas	 IL‐23	 leads	 to	differentiation	 into	 IL‐17	

secreting	Th17	cells.	These	differentiated	T‐lymphocytes	can	be	reactivated	by	APCs	

and	recruit	monocytes	and	naïve	T‐lymphocytes	by	epitope	spreading	(McMahon	et	al.,	

2005).	Current	therapies	lead	to	accumulation	of	T‐lymphocytes	in	the	lymph	nodes	by	

fingolimod	or	periphery	by	natalizumab	treatment	(Kivisäkk	et	al.,	2009;	Chun	et	al.,	

2010;	Mehling	et	al.,	2010).	Therefore,	the	focus	for	therapy	development	has	mostly	

been	on	T‐lymphocytes	 and	not	on	APCs.	These	APCs	 can	be	divided	 into	4	 groups:	

microglia,	macrophages,	dendritic	cells	and	neutrophils	discussed	on	the	next	pages.		
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Microglia	

The	study	of	microglia	in	MS	has,	like	mentioned	earlier,	been	hampered	by	the	lack	of	

markers	that	distinguish	them	from	macrophages	both	under	activated	or	pathological	

conditions.	Thus,	their	role	has	always	been	difficult	to	study.	In	MS	lesions,	activated	

microglia	are	present	(Trebst	et	al.,	2001).	Apart	from	appearing	at	lesions,	they	form	

nodules	 in	 normal	 appearing	 white	 matter	 (NAWM)	 and	 express	 reactive	 oxygen	

species	(ROS)	in	active	lesions,	gray	matter	and	NAWM	(Gray	et	al.,	2008;	Fischer	et	al.,	

2012;	Popescu	and	Lucchinetti,	2012).	The	current	hypothesis	is	that	these	nodules	in	

the	NAWM	are	involved	in	the	formation	of	lesions.	These	so	called	pre‐active	lesions	

do	 not	 contain	 leukocyte	 infiltrates	 or	 display	 demyelination.	 Maybe,	 they	 are	 a	

consequence	to	neighboring	inflammatory	lesions	(van	Horssen	et	al.,	2012;	Singh	et	

al.,	2013).	In	the	EAE	mouse	model,	microglia	depletion	before	disease	onset	results	in	

reduced	disease	severity,	indicating	a	possible	role	in	disease	initiation	(Heppner	et	al.,	

2005).	Although,	these	mice	do	not	display	disease	symptoms	and	have	no	microglia	

nodules	like	in	NAWM.	In	addition,	Goldmann	et	al.,	2013	showed	that	specific	deletion	

of	 TGF‐β‐activated	 kinase	 1	 (TAK1)	 led	 to	 reduced	 pro‐inflammatory	 activity	 and	

reduced	 EAE.	 Signal	 transducer	 TAK1	 is	 involved	 in	 the	 pro‐inflammatory	 pathway	

through	NF‐kβ,	and	TAK1	deletion	results	 in	 the	prevention	of	CCL2	expression	and	

microglia	might	therefore	be	unable	to	attract	inflammatory	monocytes	(Goldmann	et	

al.,	2013).	While	these	results	indicate	a	pathogenic	role	in	EAE,	the	cuprizone	mouse	

model	has	yielded	opposing	results.	A	microglia	phenotype	supportive	of	remyelination	

was	observed	 that	 also	 expressed	many	genes	 involved	 in	phagocytosis	 (Olah	 et	 al.,	

2012).	In	addition,	microglia	that	lack	CX3CR1	have	reduced	phagocytic	capacity	and	in	

CX3CR1‐deficient	 mice	 less	 remyelination	 occurred	 when	 the	 cuprizone	 diet	 was	

stopped	 (Lampron	 et	 al.,	 2015).	 Cultured	 microglia	 can	 promote	 survival	 and	

differentiation	 of	 oligodendrocytes	 precursors	 and	 provide	 iron	 for	 the	myelination	

process	 (Frost	 and	 Schafer,	 2016).	 Aside	 from	 being	 involved	 in	 remyelination,	

microglia	can	produce	neurotrophic	factors	like	BDNF	(Gold	et	al.,	2006).	Therefore,	the	

role	of	microglia	 in	MS	is	rather	complex	and	might	 in	 fact	be	pathogenic	and	tissue	

regenerative	at	the	same	time.		

	

Macrophages		

While	demyelinating	and	neurodegenerative	 lesions	contain	activated	microglia,	 it	 is	

doubtful	 whether	 they	 are	 actually	 demyelinating	 (Mahad	 and	 Lassmann,	 2015).	
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Demyelinating	 lesions	 always	 contain	 macrophages	 and	 in	 EAE	 the	 number	 of	

macrophages	always	correlates	with	disease	severity	(Gold	et	al.,	2006;	Ramaglia	et	al.,	

2012).	 The	 phenotype	 of	 macrophages	 is	 highly	 regulated	 by	 lipid	 uptake	 and	

inflammatory	macrophages	have	a	short	life	span	(Ley	et	al.,	2011).	Macrophages	are	

derived	from	monocytes,	mononuclear	cells	in	the	blood.	They	express	CD11b,	CD14,	

CD16	 and	 CD11c	 in	 humans	 and	 CD11b	 and	 F4/80	 in	 mice.	 In	 mice	 they	 can	 be	

subdivided	 into	 two	 subtypes	 based	 on	 CCR2	 and	 CX3CR1	 expression.	 The	

inflammatory	 monocytes	 (CCR2+CX3CR1lowLy‐6Chigh),	 that	 are	 recruited	 to	 sites	 of	

inflammation,	and	resident	monocytes	(CCR2‐CX3CR1highLy‐6Clow)	that	patrol	the	blood	

vessels	 (Geissmann	et	 al.,	 2003;	2010).	These	 inflammatory	Ly‐6Chigh	monocytes	 are	

important	 for	 the	 progression	 of	 auto‐immune	 diseases	 and	 EAE	 (King	 et	 al.,	 2009;	

Mildner	et	al.,	2009).	Blockage	of	CCR2,	 important	 for	crossing	 the	BBB,	 impairs	 the	

entry	of	monocytes	into	the	CNS	indicating	that	CCR2	and	monocytes	are	required	for	

disease	development	(Mildner	et	al.,	2009;	Ajami	et	al.,	2011).	

		

Dendritic	cells	

After	 monocytes	 infiltrate	 into	 the	 CNS	 they	 can	 differentiate	 into	macrophages	 or	

dendritic	cells	by	upregulating	MHCII	and	CD11c	(Fife	et	al.,	2000;	Gaupp	et	al.,	2003).	

Dendritic	cells	(DCs)	can	also	directly	migrate	across	the	BBB	and	further	differentiate	

in	the	CNS.	They	are	actively	 involved	 in	antigen	presentation	and	polarization	of	T‐

lymphocytes,	and	in	MS	patients	activated	DCs	have	been	found	(Serafini	et	al.,	2006;	

Grigoriadis	and	van	Pesch.,	2015).	DCs	take	up	and	process	antigens	and	present	them	

through	MCHII	(Galea	et	al.,	2007).	In	EAE,	CD11b+	DCs	are	important	for	progression	

and	optimal	priming	of	T‐lymphocytes	(Greter	et	al.,	2005;	Bailey	et	al.,	2007).		

	

Neutrophils	

Recently,	interest	in	the	role	of	neutrophils	in	EAE	and	MS	has	grown.	Neutrophils	are	

short‐lived	polymorphonuclear	leukocytes	that	are	considered	the	first	line	of	defense.	

They	 can	 be	 rapidly	 mobilized	 from	 the	 bone‐marrow	 in	 response	 to	 CXC	 family	

chemokine	 signals,	 express	 CD11b	 and	 Ly‐6G,	 and	 get	 activated	 by	 cytokines.	 By	

themselves	 they	 also	 produce	 cytokines,	 chemokines	 and	 enzymes	 (Ransohoff	 and	

Brown,	2012).	In	MS	lesions	from	post‐mortem	patient	material	neutrophils	are	usually	

not	found,	also	their	numbers	are	not	increased	in	the	blood	or	CSF	from	MS	patients	

(Holman	 et	 al.,	 2011).	 But,	 it	 is	 postulated	 that	 neutrophils	 are	 important	 for	 the	
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formation	of	B‐lymphocyte	follicle	structures	in	the	meninges	observed	in	MS	patients	

(Ransohoff	 and	 Brown,	 2012).	 Neutrophils	 can	 promote	 B‐lymphocyte	 proliferation	

and	 survival	 and	 can	 secrete	 TNF‐α	 to	 promote	 inflammation	 (Maatta	 et	 al.,	 1998;	

Mantovani	et	al.,	2011).	In	animal	models,	neutrophils	are	the	first	cells	that	infiltrate	

during	 inflammation	 and	 depletion	 of	 neutrophils	 in	 EAE	 reduces	 disease	 severity	

(McColl	et	al.,	1998).	This	indicates	that	neutrophils	are	crucial	cells	for	inflammation	

and	probably	examined	insufficiently	in	MS	and	EAE.		

	

Aim	of	this	thesis	
	

This	 thesis	 is	 focused	on	 the	role	of	 the	 immune	system,	 in	particular	microglia	and	

peripheral	myeloid	 infiltrates,	during	MS.	 In	the	 last	decade	 it	has	become	clear	that	

microglia	play	a	much	larger	role	in	CNS	maintenance	than	anticipated.	Microglia	are	

increasingly	 implicated	 in	 a	 range	 of	 neurodegenerative	 conditions	 or	 neurological	

disorders.	As	described	before,	microglia	might	be	crucial	cells	for	the	progression	of	

MS,	especially	at	the	later	stages,	like	SPMS.	But,	the	study	of	these	cells	has	always	been	

troubled	 by	 the	 inability	 to	 distinguish	 them	 from	 infiltrating	 macrophages	 under	

pathological	conditions.	Our	group	has	previously	shown	in	the	cuprizone	mouse	model	

that	microglia	might	be	remyelination	supportive	(Olah	et	al.,	2012).	But	this	model	has	

minimal	 involvement	 of	 the	 peripheral	 immune	 system.	 While	 microglia	 might	 be	

remyelination‐supportive	in	the	cuprizone	mouse,	it	is	very	difficult	to	relate	it	to	MS,	

as	 immune	 infiltrates	probably	 influence	 the	phenotype	of	microglia.	To	study	these	

cells	in‐depth,	the	EAE	mouse	model	was	used,	as	it	mimics	important	aspects	of	MS	

and	with	the	current	cell	type	distinction	techniques	would	provide	us	the	necessary	

tools	to	answer	various	questions.		

Three	 main	 questions	 were	 addressed:	 1)	 Are	 microglia	 strictly	 pro‐

inflammatory	during	EAE,	as	has	previously	been	shown	and	proposed?	2)	If	not,	what	

role	or	function	might	they	perform	during	EAE?	3)	Which	of	the	myeloid	infiltrates	is	

the	most	 crucial	 cell	 type	 for	EAE	demyelination?	These	questions	 are	 addressed	 in	

chapters	2‐7	of	this	thesis.	In	 chapter	 2,	 a	 new	 fluorescence	 activated	 cell	 sorting	

(FACS)	protocol	was	used	 that	 incorporated	CD11b,	CD45	and	Ly‐6C	 to	 isolate	pure	

populations	of	microglia	and	macrophages	in	the	“acute”	or	“chronic”	MS	model,	MOG‐

C57BL/6.	 In	 chapter	3,	 this	 approach	was	 used	 to	 isolate	 and	 study	microglia	 and	
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myeloid	infiltrates	in	a	model	for	epilepsy.	The	origin	of	this	disease	is	within	the	CNS	

and	associated	with	limited	immune	cell	 infiltration.	This	allowed	us	to	compare	the	

microgia	 phenotypes	 in	 neurodegenerative	 conditions	 with	 high	 (EAE)	 or	 low	

infiltration	 (epilepsy)	 rates	 of	 peripheral	 immune	 cells.	 Chapter	 4	 includes	 an	

optimized	protocol	 to	 isolate	microglia	and	myeloid	 infiltrates	 from	mice,	macaques	

and	humans.	A	protocol	 that	 is	 optimized	 for	mouse,	 based	on	what	 is	described	 in	

chapter	 1,	 and	 integrates	 the	 current	 developments	 in	 macaque	 and	 human	 CNS	

myeloid	 cell	 isolations.	 In	 chapter	 5	 the	 EAE	 Biozzi	 ABH	 mouse	 model	 that	 best	

resembles	MS	was	used.	 In	 this	chapter	we	aimed	to	 identify	what	changes	occur	 in	

microglia,	not	just	at	the	acute	phase,	but	also	during	remission	and	the	chronic	stage.	

This	chronic	phase	can	be	linked	to	SPMS,	a	phase	where	there	is	minimal	infiltration	

of	 peripheral	 immune	 cells.	 It	 is	 important	 to	 study	 whether	 changes	 in	 microglia	

remain	after	the	infiltrates	have	disappeared,	but	disease	progression	continues.	Based	

on	the	results	from	this	chapter	we	postulated	that	microglia	phagocytose	infiltrating	

immune	 cells.	Chapter	6	 includes	 a	 transplantation	 experiment	 to	 identify	whether	

infiltrated	immune	cells	in	EAE	that	have	a	fluorescent	label,	DsRed,	are	phagocytosed	

by	 microglia.	 The	 MOG‐C57BL/6	 mouse	 model	 was	 used	 in	 these	 transplantation	

experiments.	 In	 chapter	 7,	 the	 role	 of	 myeloid	 infiltrates,	 not	 only	 focusing	 on	

macrophages	but	also	neutrophils,	during	the	acute	EAE	phase	was	studied	in‐depth.	

To	clarify	their	roles	in	acute	EAE	and	to	pinpoint	the	main	pro‐inflammatory	subset	of	

myeloid	 infiltrates.	 Finally,	 in	 chapter	 8,	 this	 thesis	 is	 summarized	 and	 discussed,	

focusing	on	the	role	of	EAE	in	MS	and	future	perspectives	on	how	we	can	better	study	

microglia	to	identify	their	function	in	MS.		
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