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Chapter	7	
	

Ly‐6Gpos	 CD11blow	 neutrophils	 are	 the	 main	 pro‐

inflammatory	myeloid	infiltrates	in	EAE	
	

Ilia	D.	Vainchtein,	Nieske	Brouwer,	Martine	Stevelink,	Erik	W.	G.	M.	Boddeke	and		

Bart	J.	L.	Eggen	
	

Department	of	Neuroscience,	Section	Medical	Physiology,	UMCG,	Groningen,	The	Netherlands	

	

Highlights:	

 Neutrophils	are	the	main	constituent	of	myeloid	infiltrates.	

 Neutrophils	can	be	divided	into	CD11bhigh	and	CD11blow	fractions.	

 CD11blow	neutrophils	are	a	minor,	but	highly	pro‐inflammatory	subset.	

 CD11bhigh	neutrophils	are	probably	the	myeloid	derived	suppressor	cells	in	EAE.	

 Macrophages	and	dendritic	cells	show	anti‐inflammatory	activity.		

	

Manuscript	in	preparation.	
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Abstract	

	
Neutrophils	 are	 short‐lived	 phagocytosing	 and	 reactive	 oxygen	 species	 releasing	

granulocytes	and	the	most	abundant	white	blood	cells	in	mammals.	Their	role	in	the	

progression	of	Multiple	sclerosis	(MS)	and	its	mouse	model	experimental	autoimmune	

encephalomyelitis	(EAE)	is	under	examined.	While	the	contribution	of	neutrophils	to	

MS	seems	to	be	limited,	their	potential	demyelinating	and	tissue	damaging	effects	at	the	

start	of	the	disorder	are	difficult	to	measure.	Using	a	FACS‐based	cell	isolation	protocol,	

PCR	and	 immunohistochemistry	we	 studied	neutrophils	 and	other	myeloid	 immune	

infiltrates	in	C57BL/6	EAE	mice	at	the	acute	and	chronic	phases.	Our	data	indicate	that	

neutrophils	are	the	major	cytokine	producers,	both	pro	and	anti‐inflammatory,	during	

EAE.	Neutrophils	 can	 be	 subdivided	 based	 on	 CD11b	 expression	 into	 CD11bhigh	 and	

CD11blow	fractions.	The	CD11blow	population	accounts	 for	 approximately	20%	of	 the	

total	neutrophil	pool.	Interestingly,	CD11blow	neutrophils	expressed	the	highest	level	of	

pro‐inflammatory	 markers	 and	 Lgasl3,	 involved	 in	 myelin	 uptake.	 CD11bhigh	

neutrophils	are	a	more	mixed	population,	with	higher	expression	of	anti‐inflammatory	

markers	 CD274	 and	Gas6.	 This	 indicated	 that	 CD11bhigh	 neutrophils	 are	 more	 anti‐

inflammatory,	 and	 maybe	 part	 of	 the	 earlier	 reported	 myeloid	 suppressor	 cell	

population.	 Additionally,	 other	 myeloid	 infiltrates	 like	 CD11cpos	 dendritic	 cells	 and	

macrophages	represented	a	relative	small	fraction	of	the	myeloid	infiltrates.	CD11cpos	

dendritic	cells	and	macrophages	are	the	main	MHCII	presenters,	while	they	also	express	

Arg1,	 an	 anti‐inflammatory	 gene.	 Based	 on	 these	 findings,	 we	 concluded	 that	

neutrophils	are	the	main	pro‐inflammatory	cell	population	during	EAE	and	especially	

the	CD11blow	subpopulation.	
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Introduction	
	
Experimental	 autoimmune	 encephalomyelitis	 (EAE)	 is	 a	 well‐established	 model	 to	

study	 the	pathogenic	properties	of	 peripheral	 immune	 cells	 in	 the	 induction	of	 CNS	

disorders	(Rivers	et	al.,	1933;	Dendrou	et	al.,	2015).	As	a	model	for	multiple	sclerosis	

(MS),	 it	 mimics	 many	 aspects	 of	 the	 disorder	 that	 includes	 demyelination	 and	

neurodegeneration	 (Ransohoff,	 2012).	 Most	 studies	 have	 highlighted	 the	 role	 of	

macrophages	as	agonists	of	EAE	progression	(Huitinga	et	al.,	1990;	Bauer	et	al.,	1995).	

In	particular,	CCR2pos	Ly‐6Chigh	inflammatory	monocytes	contribute	to	EAE,	where	CCR2	

blockade	will	decrease	EAE	severity	(Mildner	et	al.,	2009;	Ajami	et	al.,	2011).	Although	

macrophages	 are	 important	 targets,	 CD11cpos	 dendritic	 cells	 and	 especially	 T‐

lymphocytes	collectively	drive	the	progression	(Greter	et	al.,	2005;	Bailey	et	al.,	2007;	

Mildner	and	Jung,	2014;	Dendrou	et	al.,	2015;	Hemmi	et	al.,	2016).	EAE	is	characterized	

by	CD4+	T‐lymphocyte	infiltration,	macrophage	recruitment	and	microglial	activation	

(Lassmann	and	Horssen,	2011).		

Recently,	research	interest	has	shifted	towards	the	most	abundant	leukocyte	in	the	

blood,	neutrophils;	short	lived	polymorphonuclear	cells	with	a	rapid	turnover	(Nathan,	

2006).	 Neutrophilia	 is	 a	 classical	 phenomenon	 of	 acute	 inflammation	 and	 they	 can	

phagoctose,	 produce	 cytokines,	 chemokines,	 reactive	 oxygen	 species	 and	 other	

enzymes	 (Kobayashi	 et	 al.,	 2005;	 von	Vietinghoff	 and	 Ley,	 2008).	 They	 are	 the	 first	

leukocytes	 that	 infiltrate	 in	 many	 peripheral	 inflammation	 animal	 models.	 In	 EAE,	

depletion	or	blockage	of	neutrophils	results	in	a	reduction	of	disease	severity	(McColl	

et	 al.,	 1998;	 Barthelmes	 et	 al.,	 2015).	 Neutrophils	 infiltrate	 rapidly	 during	 EAE	 and	

accumulate	at	the	core	of	demyelinating	and	axonal	degenerating	areas	(Wu	et	al.,	2010;	

Christy	 et	 al.,	 2013).	 They	 are	 recruited	 to	 the	 CNS	 before	 disease	 onset	 and	 their	

presence	is	directly	correlated	to	loss	of	blood‐brain	barrier	(BBB)	integrity	(Aubé	et	

al.,	 2014).	 Neutrophils	 are	 important	 for	 priming	 of	 local	 antigen	 presenting	 cells	

(APCs),	 stimulation	 of	 T‐lymphocytes	 and	 produce	 pro‐inflammatory	 cytokines	

(Steinbach	et	al.,	2013).	They	express	Ly‐6G,	Ly‐6C	and	CD11b	on	their	surface	and	can	

be	depleted	with	specific	Ly‐6G	antibodies	(Daley	et	al.,	2008).		

Normally,	they	are	studied	as	one	population	in	EAE	and	auto‐immune	disorders.	

Here,	 we	 used	 a	 FACS‐based	 protocol	 to	 isolate	 neutrophils,	 but	 also	macrophages,	

dendritic	 cells	 and	microglia	 from	 C57BL/6	 EAE	mice	 and	 carefully	 examined	 their	
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phenotype.	In	addition,	we	analyzed	two	separate	neutrophil	populations	that	differed	

in	membrane	CD11b	expression	with	possibly	distinct	functions.	

	

Methods	and	Materials	

	
EAE	induction	

EAE	was	 induced	 in	 female	13‐15	week	old	C57BL/6	mice	 (C57BL/6OlaHsd,	Harlan	

Laboratories,	The	Netherlands)	with	a	pre‐made	induction	kit	(EK‐2110)	from	Hooke	

laboratories,	USA.	Mice	received	two	subcutaneous	injections	at	the	upper	and	lower	

back	each	±100	µg	myelin	oligodendrocyte	glycoprotein	35‐55	(MOG35‐55;	sequence	

MEVGWYRSPFSRVVHLYRNGK)	 emulsified	 in	 complete	 Freund’s	 adjuvant	 containing	

200	–	500	µg	killed	mycobacterium	tuberculosis	H37Ra.	Afterwards,	the	mice	received	

an	intraperitoneal	injection	of	±250	ng	pertussis	toxin	(PTX)	dissolved	in	PBS	and	this	

was	repeated	24	h	later.	During	the	first	7	days,	their	weight	was	monitored,	thereafter	

the	mice	were	also	scored.	Mice	were	scored	based	on	a	6‐point	scoring	system:		0	=	no	

obvious	changes	(normal),	1	=	limp	tail,	2	=	limp	tail	and	impaired	righting	reflex,	3	=	

limp	tail	and	partial	paralysis	of	hind	legs,	4	=	limp	tail	and	complete	paralysis	of	hind	

legs,	5	=	moribund,	6	=	death.	Special	measures	were	taken	to	reduce	discomfort.	5	mice	

were	housed	per	cage	and	when	the	first	mouse	reached	score	2,	extra	care	was	given	

by	adding	special	bins	with	water,	solid	drinks	(solidified	water)	and	soft	food	(pellet	

powder	dissolved	 in	water).	Mice	were	 terminated	at	 acute	 score	4	 (n=14),	 chronic	

phase	(2	days	of	EAE	score	3.75;	limp	tail	and	complete	paralysis	of	one	hind	leg,	while	

the	other	displays	partial	paralysis;	n=15)	and	naïve	controls	(n=12).	All	experiments	

were	performed	according	to	local	and	international	guidelines	and	approved	by	the	

Animal	 Welfare	 Committee	 of	 the	 University	 of	 Groningen,	 The	 Netherlands	 (DEC	

number:	6756B/C).	Also,	the	experimental	setup	and	animals	used	were	according	to	

the	ARRIVE	guidelines	(Kilkenny	et	al.,	2010;	Amor	et	al.,	2012;	Baker	et	al.,	2012).	

	

Fluorescence	activated	cell	sorting	(FACS)	

Mice	were	terminated	under	isoflurane	anesthesia	and	perfused	with	0.9%	saline.	The	

spinal	cord	was	collected	in	isolation	medium	(HBSS	(1x)	with	phenol	red	(Gibco);	15	

mM	 HEPES	 1M	 (Lonza);	 0.6%	 glucose	 45%	 (Sigma‐Aldrich)).	 All	 subsequent	

procedures	were	performed	on	ice	and	as	previously	described	(de	Haas	et	al.,	2008;	

Vainchtein	et	al.,	2014;	chapter	4).	Spinal	cords	were	minced,	mechanically	dissociated	
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with	a	tissue	homogenizer	and	filtered	through	a	70	µm	cell	strainer	(BD	FALCON).	The	

suspension	 was	 centrifuged	 for	 10	 min	 (300	 rcf/g,	 acc:	 9,	 brake:	 9,	 4	 oC).	 The	

supernatant	was	removed	and	pellet	resuspended	in	a	myelin	removal	solution	(22%	

Percoll	 (GE	Healthcare)	with	40	mM	NaCl	 and	77%	myelin	 gradient	buffer	 (5.6	mM	

NaH2PO4*H20,	20	mM	Na2HPO4*2H20,	140	mM	NaCl,	5.4	mM	KCl,	11mM	Glucose,	pH	

7.4))	and	1	mL	of	PBS	was	layered	on	top.	After	centrifugation	for	20	min	(950	rcf/g,	

acc:	4,	brake:	0,	4	oC),	the	supernatant	that	contained	myelin	was	removed	and	the	cell	

pellet	was	resuspended	in	FACS	medium	(HBSS	(1x)	without	phenol	red	(Gibco);	15	mM	

HEPES	 1M	 (Lonza);	 0.6%	 glucose	 45%	 (Sigma‐Aldrich);	 1	mM	 EDTA	 0.5	M	 pH=8.0	

(Invitrogen)).	 The	 cell	 suspension	 was	 Fc	 receptor	 blocked	 with	 anti‐mouse	
CD16/CD32	 (eBioscience)	 for	 10	min	 and	 incubated	with	 the	 following	 antibodies:	

CD11b	BV421	(Biolegend),	CD11c	PE	(Biolegend),	CD45	FITC	(ebioscience),	Ly‐6C	APC	

(Biolegend),	Ly‐6G	APC/Cy7	 (Biolegend)	and	MHCII	PE/Cy7	 (Biolegend)	 for	30	min.	

The	cell	suspensions	were	centrifuged	for	3	min	(300	rcf/g,	4	oC,	acc:	9,	brake:	9)	and	

collected	in	FACS	tubes	(round	bottom	tubes	with	35	μm	nylon	mesh	(BD	Biosciences)).	

FACS	was	performed	on	a	MoFlo®	Astrios™	(Beckman	Coulter)	and	gating	for	viable	

cells	was	done	with	Propidium	Iodide	(PI;	0.5	µM;	Sigma‐Aldrich)	or	4',6‐diamidino‐2‐

phenylindole	(DAPI;	0.5	µM;	Sigma‐Aldrich).	Microglia	were	gated	as	CD11bpos	CD45int	

Ly‐6Cneg	and	myeloid	 infiltrates	as	CD11bpos	CD45pos.	Within	the	myeloid	population,	

different	populations	could	be	defined;	macrophages	and	dendritic	cells	(as	1	group:	

CD11bpos	 CD45pos	 Ly‐6Cpos	 Ly‐6Gneg)	 and	 neutrophils	 (CD11bpos	 CD45pos	 Ly‐6Cint	 Ly‐

6Gpos).	The	macrophages	and	dendritic	cells	group	consisted	of	Ly‐6Chigh	macrophages	

(CD11bpos	CD45pos	Ly‐6Chigh	Ly‐6Gneg	CD11cneg)	or	dendritic	cells	(CD11bpos	CD45pos	Ly‐

6Cpos	Ly‐6Gneg	CD11cpos).	The	neutrophils	group	could	be	separated	 in	CD11bhigh	and	

CD11blow	populations.	The	cells	were	collected	in	FACS	medium	and	centrifuged	for	10	

min	(500	rcf,	4	oC,	table	top	centrifuge).	Supernatant	was	removed	and	cells	were	lysed	

in	RLT+	buffer	(Qiagen).					

	

RNA	isolation	and	quantitative	real‐time	PCR	(qPCR)		

The	 RNA	 was	 isolated	 using	 the	 RNeasy	 Plus	 Micro	 kit	 (Qiagen)	 according	 to	 the	

protocol	 of	 the	manufacturer.	 cDNA	was	 generated	 by	 reverse	 transcription	with	 a	

mixture	of	random	hexamers,	dNTPS,	M‐MLV	buffer,	RibolockTMRNase	Inhibitor	and	

RevertAidTM	M‐MuLV	Reverse	Transcriptase	(Fermentas).	cDNA	levels	were	measured	

by	qPCR	in	384	well	plates	(Applied	Biosystems)	with	iQTM	SYBR	Green	Supermix	(Bio‐
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Rad)	on	 an	ABI7900HT	machine	 (Applied	Biosystems).	 Primers	were	designed	with	

NCBI	Primer‐Blast	and	ordered	from	Biolegio	(The	Netherlands)	(supplementary	table	

1).	Hmbs	 (hydroxymethylbilane	 synthase)	was	used	as	 a	 housekeeper	 and	data	was	

quantified	with	the	2‐ΔΔCt	method	(Livak	and	Smittgen,	2001).		

	

Immunohistochemistry		

Mice	were	first	perfused	with	saline	and	then	with	4%	paraformaldehyde	(PFA).	The	

spinal	 columns	were	 removed,	post	 fixed	overnight	 and	dissected	 the	next	day.	The	

tissues	were	washed	with	PBS	and	submerged	in	a	20%	sucrose	solution.	The	next	day	

they	were	embedded	in	Tissue	Tek	optimal	cutting	temperature	(OCT;	Sakura)	and	50	
µm	 sagittal	 sections	 were	 cut	 with	 a	 cryostat	 (CM3050S,	 Leica	 Biosystems).	

Immunohistochemistry	 was	 performed	 on	 the	 50	 µm	 sagittal	 free‐floating	 sections.	

Sections	were	washed	and	blocked	for	1	h	with	5%	normal	donkey	serum	(NDS)	and	

5%	normal	 goat	 serum	 (NGS)	 in	 PBS	with	 0.1%	TritonX‐100	 (PBST).	 Sections	were	

incubated	 with	 rabbit	 anti‐IBA1	 (1:1000,	 WAKO)	 and	 rat	 anti‐MHCII	 (1:250,	

eBioscience)	 in	 PBST	 with	 1%	 NDS	 and	 the	 next	 day	 secondary	 antibodies	 (sAbs)	

donkey	anti	rabbit	488	(Molecular	Probes)	and	donkey	anti	rat	Cy3	(JIR	Laboratories);	

or	 rabbit	 anti‐IBA1	 (1:1000,	 WAKO)	 and	 Armenian	 hamster	 anti‐CD11c	 (1:200,	

eBioscience)	 in	PBST	with	1%	NDS	and	1%	NGS	and	 the	next	day	sAbs	donkey	anti	

rabbit	488	(Molecular	Probes)	and	goat	anti	Armenian	hamster	Cy3	(JIR	Laboratories);	

or	rabbit	anti‐IBA1	(1:1000,	WAKO)	and	goat	anti‐Arg‐1	(1:100,	Abcam)	in	PBST	with	

1%	NDS	and	the	next	day	donkey	anti	rabbit	488	(Molecular	Probes)	and	donkey	anti	

goat	Cy3	(JIR	Laboratories);	or	rat	anti‐Ly‐6G	(1:200,	Biolegend)	and	goat	anti‐IL‐1β	

(1:100,	 R&D	 Systems)	 or	 rat	 anti‐Ly‐6C	 (1:200,	 ADb	 Serotec)	 and	 goat	 anti‐Arg‐1	

(1:100,	Abcam)	 in	PBST	with	1%	NDS	and	the	next	day	sAbs	donkey	anti	rat	AF488	

(Abcam)	and	donkey	anti	goat	Cy3	(JIR	Laboratories).	All	secondary	antibodies	were	

used	1:400	in	PBST	with	1%	NDS	(and	1%	NGS	if	needed).	Afterwards	sections	were	

incubated	with	Hoechst	(1:1000)	in	PBS	for	5	min	and	mounted	with	Mowiol.	Images	

were	made	with	a	Leica	TCS	SP8	confocal	microscope	(Leica	Microsystems).					
	

Figures	and	statistical	analysis	

Prism	5	(Graphpad)	and	Adobe	Illustrator	CC	(Adobe)	were	used	to	make	bar	graphs	

and	organize	them.	Tree	Star	FlowJo	software	v10	was	used	for	FACS	plot	analysis	and	

calculations.	SPSS	22	(IBM)	was	used	for	statistical	analysis	using	the	Kruskal‐Wallis	
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test	to	identify	differences	between	groups	with	a	group	by	group	comparison	using	the	

Mann‐Whitney	U	test.	Differences	were	considered	as	significant	when	the	p‐value	was	
below	0.05.	

	

Results	
	

Neutrophils	were	the	largest	fraction	of	myeloid	infiltrates	

To	determine	the	exact	constitution	of	the	myeloid	infiltrates	during	EAE,	we	induced	

EAE	 in	C57BL/6	mice	and	terminated	them	at	the	acute	phase	(first	day	of	reaching	

score	4)	and	4‐5	days	later	when	their	score	reduced	and	remained	at	EAE	score	3.75;	

chronic	phase.	The	spinal	cord	was	isolated	and	used	for	FACS.	Microglia	were	sorted	

as	 CD11bpos	 CD45int	 Ly‐6Cneg,	 myeloid	 infiltrates	 as	 CD11bpos	 CD45pos	 (fig.	 1A).	 The	

myeloid	 infiltrates	 accounted	 for	 ±10%	 of	 CD11cpos	 dendritic	 cells	 at	 the	 acute	 and	

±25%	at	the	chronic	phase	(fig.	1A,	B).	These	dendritic	cells	were	mostly	Ly‐6Cpos.	The	

CD11cneg	fraction	of	the	myeloid	infiltrates	included	Ly‐6Gpos	Ly‐6Cint	neutrophils	and	

Ly‐6Cpos	macrophages.	The	gating	 strategy	 for	microglia	 and	myeloid	 infiltrates	was	

confirmed	based	on	the	expression	of	Fcrls,	where	microglia	expressed	higher	levels	of	

Fcrls	(fig.	2A)	(Butovsky	et	al.,	2014).	Interestingly,	while	the	percentage	of	CD11cpos	

cells	 increased	 from	 the	 acute	 to	 chronic	 phase,	 the	 percentage	 of	 neutrophils	

decreased	(fig.	1B)	but	nevertheless	still	accounted	for	most	of	the	myeloid	infiltrates	

(fig.	1B).				

	

Microglia	expressed	CD11c	during	EAE	

Dendritic	cells	were	the	main	CD11cpos	cells,	but	the	entire	microglia	population	was	

CD11cint	during	EAE	(fig.	2B).	Myeloid	cells	were	separated	in	CD11cpos	and	CD11cneg,	

microglia	 were	 clearly	 not	 as	 negative	 as	 CD11cneg	 myeloid	 infiltrates	 and	 even	

contained	a	small	fraction	that	were	CD11cpos	(fig.	2B)	as	described	before	(Wlodarczyk	

et	al.,	2014).	As	in	chapter	6	of	this	thesis,	microglia	expressed	MHCII	and	when	gating	

for	MHCIIhigh	or	CD11cpos	these	cells	partially	overlapped	(fig.	3C).	This	indicated	that	

the	most	activated	microglia,	as	shown	in	chapter	6,	apart	from	MHCII	also	(at	least)	

partially	 expressed	 CD11c.	 Using	 immunohistochemistry,	 it	 was	 difficult	 to	 identify	

cells	that	were	both	IBA1pos	and	CD11cpos	(fig.	2D).	Sometimes	CD11cpos	clusters	were	

identified	that	were	surrounded	by	IBA1pos	cells,	but	it	was	difficult	to	conclude	whether		
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IBA1	 and	 CD11c	 overlapped,	 or	 whether	 microglia	 were	 juxtaposed	 to	 CD11cpos	

dendritic	cells	(fig.	2E).						

	

Dendritic	cells	were	the	MHCII	expressing	cells		

Almost	 all	 CD11cpos	 dendritic	 cells	 were	 MHCIIpos,	 and	 only	 a	 small	 fraction	 of	

macrophages	 (±25%)	 and	 no	 neutrophils	 expressed	MHCII	 (fig.	 1A,	 B,	 C).	 CD11cpos	

dendritic	cells	and	MHCIIpos	macrophages	had	the	highest	relative	expression	of	MHCII,	

although	a	fraction	of	CD11cpos	dendritic	cells	expressed	the	highest	level	of	MHCII	(fig.	
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Figure	1.	Neutrophils	are	the	main	myeloid	infiltrate.	A)	A	representative	FACS	sequence	is	shown	of	spinal	

cord	cells	the	acute	EAE	phase.	Microglia	were	gated	as	CD11bpos	CD45int	and	Ly‐6Cneg,	and	myeloid	infiltrates	as	

CD11bpos	CD45pos.	Roughly	10%	of	these	myeloid	 infiltrates	were	CD11cpos	dendritic	cells.	The	CD11cneg	group	

consisted	 of	 neutrophils	 and	 macrophages;	 that	 could	 be	 divided	 into	 MHCIIneg	 and	 a	 smaller	 MHCIIpos	

macrophage	 fraction.	B)	Left;	neutrophils	were	the	major	group	of	myeloid	cells,	after	the	acute	phase	their	

numbers	slightly	decreased	while	the	number	of	dendritic	cells	increased.	Right;	the	percentage	of	cells	that	are	

MHCIIpos	per	cell	type	are	displayed.	Dendritic	cells	were	the	main	MHCIIpos	myeloid	infiltrates	during	EAE.	In	

addition,	a	subgroup	of	macrophages	also	expressed	MHCII.	Ac	=	acute	phase	(n=4)	and	Ch	=	chronic	phase	(n=5).	

CD11cpos	(dendritic	cells)	=	CD11bpos	CD45pos	CD11cpos,	Ly‐6Cpos	(macrophages)	=	CD11bpos	CD45pos	CD11cneg	Ly‐

6Cpos,	Ly‐6Gpos	(neutrophils)	=	CD11bpos	CD45pos	CD11cneg	Ly‐6Cint	Ly‐6Gpos.	*/#:	p	≤	0.05,	##	p	≤	0.01.	*	indicates	a	
significant	difference	between	chronic	and	acute	phase,	#	indicates	a	significant	difference	between	the	indicated	

cell	 type	 or	 group	and	all	 other	 cell	 types	at	 the	 same	EAE	phase.	 C)	A	 representative	FACS	 plot	 is	 shown	

combining	the	MHCII	expression	of	macrophages	(CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos)	divided	in	MHCIIpos	and	

MHCIIneg,	dendritic	cells	(CD11bpos	CD45pos	CD11cpos),	neutrophils	(CD11bpos	CD45pos	CD11cneg	Ly‐6Cint	Ly‐6Gpos)	

and	microglia	(CD11bpos	CD45int	Ly‐6Cneg).		

	

1C).	This	MHCII	membrane	expression	was	higher	than	in	microglia,	also	at	the	RNA	

level	 (H2Aa)	 (fig.	 3A).	 Interestingly,	 after	 the	 acute	 phase	 MHCII	 was	 further	

upregulated	 at	 the	 chronic	 phase	 predominantly	 in	 CD11cpos	 dendritic	 cells	 and	

MHCIIpos	macrophages.	While	the	number	of	microglia	increased	during	EAE,	myeloid	

infiltrate	numbers	were	much	lower	at	the	chronic	phase,	thus	the	remaining	MHCIIpos	

cells	 are	probably	more	 actively	 presenting	 antigens.	Microglia	 expressed	MHCII,	 as	

measured	 with	 flow	 cytometry,	 but	 with	 immunohistochemistry	 it	 was	 difficult	 to	

locate	IBA1pos	cells	that	are	MHCIIpos	(fig.	3B).	Most	likely,	the	MHCIIpos	cells	detected	in	

sagittal	spinal	cord	sections	were	exclusively	infiltrates,	as	they	have	a	higher	MHCII	

expression	 and	 immunohistochemistry	 is	 far	 less	 sensitive	 than	 flow	 cytometry	 to	

detect	MCHII	on	microglia.		

	

Neutrophils	were	the	main	cytokine	producers	in	EAE	

In	acute	and	chronic	EAE,	neutrophils	produced	the	highest	level	of	pro‐inflammatory	

cytokine	 Il1b	 and	 anti‐inflammatory	 cytokine	 Il10	 (fig.	 3A).	 This	 showed	 that	

neutrophils,	 gated	 as	 a	whole	 Ly‐6Gpos	 population,	 are	 the	main	 producers	 of	 these	

cytokines.	Immune	staining	confirmed	co‐localization	of	IL‐1β	and	Ly‐6G	in	spinal	cord	

neutrophils	at	the	acute	phase	(fig.	3C).	Neutrophils,	but	also	other	myeloid	infiltrates,	

had	a	significant	higher	expression	of	Lgals3,	involved	in	myelin	uptake,	than	microglia		
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Figure	2.	CD11cpos	microglia	were	present	in	EAE	spinal	cords.	A)	qPCR	for	Fcrls,	indicating	the	microglia	

have	the	highest	expression	of	Fcrls.	Co	=	controls	(n=6;	pooled	from	12	mice),	Ac	=	acute	phase	(n=3;	pooled	

from	4	mice)	and	Ch	=	chronic	phase	(n=3;	pooled	from	5	mice).	Depicting	microglia	(CD11bpos	CD45int	Ly‐6Cneg),	

Den	 Ly‐6Cpos	 (dendritic	 cells;	 CD11bpos	 CD45pos	CD11cpos),	Macro	MHCIIpos	 (MHCIIpos	macrophages;	 CD11bpos	

CD45pos	CD11cneg	Ly‐6Cpos	MHCIIpos),	Macro	MHCIIneg	(MHCIIneg	macrophages;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos	

MHCIIneg)	and	Neutro	(neutrophils;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cint	Ly‐6Gpos).	All	values	have	been	normalized	

to	control	microglia,	set	to	1.	^/*/#:	p	≤	0.05.	^	represents	a	difference	between	acute/chronic	microglia	and	

control	 microglia,	 *	 represents	 a	 significant	 difference	 between	 chronic	 and	 acute	 phase,	 #	 represents	 a	

significant	difference	between	the	indicated	cell	type	or	group	and	all	other	cell	types	at	the	same	EAE	phase.	

Error	bars	are	SEM.	B)	FACS	plot	 from	acute	EAE	 indicated	 that	while	myeloid	 infiltrates	 can	be	 split	 into	

CD11cpos	and	CD11cneg,	microglia	were	mostly	CD11cint	with	a	small	population	that	was	clearly	CD11cpos.	C)	

When	MHCIIhigh	and	CD11chigh	microglia	were	selected	 in	the	FACS	plot,	they	partly	overlapped	when	plotted	

CD11b	vs	CD45.	In	general,	these	microglia	are	in	the	top	right	corner	of	the	microglia	population	indicating	

that	they	have	a	high	expression	of	CD11b	and	CD45.	One	representative	is	shown	of	4	mice	from	the	acute	phase.	

D)	With	 immunohistochemistry	on	50	µm	sagittal	spinal	cord	sections,	CD11cpos	cells	(red)	usually	were	not	

surrounded	by	IBA1pos	(green)	cells,	E)	although	sometimes	IBA1pos	and	CD11cpos	cells	were	found,	it	was	unclear	

whether	they	were	the	same	cells	or	microglia	surrounding	CD11cpos	cells.	One	representative	image	is	shown	

from	3	mice.		
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(fig.	3A).	As	shown	before,	the	myeloid	infiltrates	probably	actively	phagocytose	myelin	

(Yamasaki	et	al.,	2014).		

	
	

The	most	pro‐inflammatory	myeloid	infiltrates	were	CD11blow	neutrophils	

Ly‐6Gpos	Ly‐6Cint	neutrophils	and	Ly‐6Cpos	macrophages/dendritic	cells	are	juxtaposed	

to	microglia,	with	 even	 some	 overlap,	when	 depicted	 for	 CD11b	 vs	 CD45	with	 flow	

cytometry	(fig.	4A).	This	again	emphasized	the	importance	to	use	Ly‐6C,	as	sorting	with	

just	 CD11b	 and	 CD45	 will	 contaminate	 the	 microglia	 population	 with	 myeloid	

infiltrates.	Neutrophils	and	macrophages/dendritic	cells	could	be	divided	into	CD11blow	

and	CD11bhigh.	As	our	 interest	was	mainly	 focused	on	neutrophils,	 they	were	 sorted	

separately	as	CD11blow	and	CD11bhigh.	The	CD11blow	neutrophil	fraction	represented	a	

minor	(±20%)	part	of	neutrophils	and	only	±10%	of	the	myeloid	infiltrates;	the	smallest	

group	of	myeloid	infiltrates	(fig.	4B).	Both	subgroups	of	neutrophils	displayed	higher	

relative	expression	of	inflammasome	component	Nlrp3	and	pro‐inflammatory	cytokine	

Il1b	(fig.	4C).	But,	the	CD11blow	fraction	had	a	much	higher	expression	of	Lgals3	(Mac2,	

Galectin3),	while	 CD11bhigh	 neutrophils	 displayed	 the	 highest	 expression	 of	 immune	

inhibitor	Cd274	(Pd1l1)	and	a	substantial	expression	of	anti‐inflammatory	genes	Arg1	

and	Gas6.	Microglia	most	abundantly	expressed	apoptotic	uptake	receptor	Axl	and	its	

ligand/anti‐inflammatory	 gene	 Gas6	 (fig.	 4C).	 Macrophages/dendritic	 cells	 highly	

expressed	H2Aa	and	Arg1	(fig.	4C,	D),	but	IBA1pos	microglia	expressing	Arg‐1	were	also	

detected	 using	 immunohistochemistry	 (data	 not	 shown).	 Thus,	 neutrophils	 and	 in	

particular	the	CD11blow	population	seems	to	be	the	most	pro‐inflammatory	during	EAE.								

	

Discussion	
	

In	EAE,	 research	on	 the	pathogenic	 involvement	 of	 the	 immune	 system	has	 focused	

mostly	on	T‐lymphocytes	and	of	the	myeloid	infiltrates,	on	macrophages.	Neutrophils	

were	not	a	major	focus	as	in	post‐mortem	MS	lesions,	neutrophils	were	not	found	and	

their	numbers	are	not	increased	in	the	CSF	or	blood	of	MS	patients	(Holman	et	al.,	2011).	

But	neutrophils	are	the	first	cells	that	infiltrate	during	inflammation,	at	least	in	mice.	

Most	CNS	material	is	from	progressive	MS	patients	at	a	late	stage	in	their	disease,	and	

the	 involvement	of	neutrophils	 at	 these	 later	 stages	of	 the	disorder	might	be	 rather	

limited.	In	addition,	during	EAE	no	significant	increase	in	circulating	myeloid	immune		
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Figure	3.	Neutrophils	were	the	main	cytokine	producing	cells	in	EAE.	A)	qCPR	analysis	for	H2Aa,	Il1b,	Il10	

and	Lgals3	indicated	that	neutrophils	robustly	expressed	cytokines	at	the	RNA	level,	far	more	than	the	other	cell	

types.	In	addition,	all	measured	cell	types	had	a	higher	Lgals3	expression	than	microglia.	Dendritic	cells	and	

MHCIIpos	macrophages	are	the	main	MHCII	expressing	cells	at	the	RNA	and	protein	 level.	Co	=	controls	(n=6;	

pooled	from	12	mice),	Ac	=	acute	phase	(n=3;	pooled	from	4	mice)	and	Ch	=	chronic	phase	(n=3;	pooled	from	5	

mice).	Depicting	microglia	(CD11bpos	CD45int	Ly‐6Cneg),	Den	Ly‐6Cpos	(dendritic	cells;	CD11bpos	CD45pos	CD11cpos),	

Macro	MHCIIpos	(MHCIIpos	macrophages;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos	MHCIIpos),	Macro	MHCIIneg	(MHCIIneg	

macrophages;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos	MHCIIneg)	and	Neutro	(neutrophils;	CD11bpos	CD45pos	CD11cneg	

Ly‐6Cint	Ly‐6Gpos).	All	values	have	been	normalized	to	control	microglia,	set	to	1.	^/*/#:	p	≤	0.05.	^	indicates	a	

difference	between	acute/chronic	microglia	and	control	microglia,	*	indicates	a	significant	difference	between	

chronic	and	acute	phase,	#	indicates	a	significant	difference	between	the	indicated	cell	type	or	group	and	all	

other	cell	types	at	the	same	EAE	phase.	Error	bars	are	SEM.	B)	Immunohistochemistry	for	IBA1	(green),	MHCII	

(red)	and	Hoechst	(blue)	in	sagittal	50	µm	spinal	cord	section	from	the	EAE	acute	phase.	IBA1	and	MHCII	did	not	

co‐localize.	One	representative	image	is	shown	from	3	mice.	C)	Immunohistochemistry	for	Ly‐6G	(green),	IL‐1β	

(red)	and	Hoechst	(blue)	in	sagittal	50	µm	spinal	cord	section	from	the	EAE	acute	phase.	Inset	includes	a	higher	

magnification	of	Ly‐6Gpos	 IL‐1βpos	neutrophils.	Ly‐6G	positive	cells	expressed	 IL‐1β.	A	representative	 image	 is	

shown	from	3	mice.	Scale	bar	indicates	20	µm.		

cells	were	observed	in	the	blood,	while	high	numbers	were	detected	in	the	CNS	(data	

not	shown).	This	 indicates	 that	blood	counts	of	various	cell	 types	do	not	necessarily	

correlate	with	CNS	presence.		

Here,	we	show	that	neutrophils	are	the	largest	constituent	of	myeloid	infiltrates	and	

the	main	cytokine	producers	in	EAE.	They	can	be	divided	into	two	subgroups	based	on	

CD11b	 expression.	 While	 both	 types	 expressed	 high	 levels	 of	 the	 inflammasome	

component	Nlrp3,	 important	 in	the	production	and	release	of	 IL‐1β,	 they	also	highly	

expressed	 Il1b.	 Interestingly,	 the	 CD11blow	 fraction	 highly	 expressed	 Lgals3	 (Mac‐2,	

Galectin‐3),	 involved	 in	myelin	phagocytosis	 (Reichert	and	Rotshenker,	1999),	while	

the	CD11bhigh	neutrophils	expressed	immune	inhibitors	Cd274,	Arg1	and	Gas6.	CD274	

(PD1L1)	is	involved	in	negative	regulation	of	lymphocytes,	Arg‐1	an	anti‐inflammatory	

gene	 and	 Gas6	 an	 apoptotic	 uptake	 ligand	 with	 anti‐inflammatory	 effect	 in	 EAE	

(Freeman	et	al.,	2000;	Ckless	et	al.,	2008;	Binder	et	al.,	2008;	Gruber	et	al.,	2014).	Thus,	
neutrophils	display	multiple	phenotypes,	partly	based	on	CD11b	expression	levels.	The	

most	 CD11blow	 neutrophils	 are	 more	 pro‐inflammatory	 and	 involved	 in	 myelin	

phagocytosis,	 while	 the	 CD11bhigh	 neutrophils	 display	 a	 more	 anti‐inflammatory	

phenotype.	 In	 fact,	 this	 possible	 anti‐inflammatory	 phenotype	 has	 been	 described	

before.	Myeloid	derived	suppressor	cells	(MDSCs)	that	can	be	divided	into	granulocytic	

and	monocytic	subtypes	are	known	for	their	high	production	of	factors	like	Arg‐1,	IL‐

10	and	TGF‐β	(Kwak	et	al.,	2015).	Also,	they	actively	suppress	the	activity	of	other		
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Figure	4.	CD11blow	neutrophils	were	the	most	pro‐inflammatory	myeloid	infiltrates.	A)	Neutrophils	and	

Ly‐6Cpos	 macrophages/dendritic	 cells	 were	 separated	 in	 two	 populations	 based	 on	 CD11b	 and	 CD45	

expression.	Ly‐6C	is	important	to	include	during	FACS	as	myeloid	infiltrates	partially	overlap	with	microglia	

(black	circles).	One	 representative	FACS	plot	 is	 shown	 from	acute	phase	EAE	spinal	 cord	cells	 (n=6)	 that	

includes	microglia	(CD11bpos	CD45int	Ly‐6Cneg),	macrophages/dendritic	cells	(CD11bpos	CD45pos	Ly‐6Cpos	Ly‐

6Gneg)	and	neutrophils	(CD11bpos	CD45pos	Ly‐6Cint	Ly‐6Gpos).	B)	Left;	neutrophils	were	sorted	as	CD11bhigh	or	

CD11blow.	Right;	CD11blow	neutrophils	represent	only	a	small	group	of	the	myeloid	infiltrates.	Bars	are	from	6	

acute	EAE	mice	and	4	chronic	EAE	mice.	C)	qPCR	analysis	for	H2Aa,	Lgals3,	Cd274,	Nlrp3,	Il1b,	Arg1,	Axl	and	

Gas6.	During	EAE,	neutrophils	express	high	levels	of	inflammasome	component	Nlrp3	and	pro‐inflammatory	

cytokine	 Il1b.	 CD11blow	 neutrophils	 highly	 express	 myelin	 uptake	 receptor	 Lgals3,	 whereas	 CD11bhigh	

neutrophils	have	a	much	higher	expression	of	immune	inhibitor	Cd274.	Macrophages/dendritic	cells	highly	

express	MHCII	and	anti‐inflammatory	marker	Arg1,	while	microglia	express	more	Axl	and	Gas6,	involved	in	

apoptotic	cell	uptake.	Co	=	controls	(n=6),	Ac	=	acute	phase	(n=6;	for	CD11blow	neutrophils	n=4	from	6	mice)	

and	 Ch	 =	 chronic	 phase	 (n=4;	 for	 CD11blow	 neutrophils	 n=2	 from	2	mice).	 Depicting	microglia	 (CD11bpos	

CD45int	Ly‐6Cneg),	Macro/Den	Ly‐6Cpos	(macrophages;	CD11bpos	CD45pos	Ly‐6Cpos	Ly‐6Gneg),	Neutro	CD11bhigh	

(neutrophils;	 CD11bpos	 CD45pos	 Ly‐6Cint	 Ly‐6Gpos	 CD11bhigh)	 and	 Neutro	 CD11blow	 (neutrophils;	 CD11bpos	

CD45pos	Ly‐6Cint	Ly‐6Gpos	CD11blow).	All	values	have	been	normalized	to	control	microglia,	set	to	1.	^/*/#:	p	≤	

0.05,	##:	p	≤	0.01.	^	indicate	a	difference	between	acute/chronic	microglia	and	control	microglia,	*	indicates	

a	significant	difference	between	chronic	and	acute	phase,	#	 indicates	a	significant	difference	between	 the	

indicated	 cell	 type	 or	 group	 and	 all	 other	 cell	 types	 at	 the	 same	 EAE	 phase.	 Error	 bars	 are	 SEM.	 D)	

Immunohistochemistry	on	50	µm	sagittal	spinal	cord	sections	showed	that	Ly‐6Cpos	(green)	cells	are	found	

that	also	have	Arg‐1	(red).	One	representative	image	is	shown	from	3	mice.								

immune	 cells,	mainly	 known	 for	 suppressing	 T‐lymphocytes	 in	 for	 example	 tumors	

(Nagaraj	et	al.,	2013).	These	granulocytic	MDSCs	are	Ly‐6Gpos	and	CD11bpos	and	potent	

T‐lymphocyte	suppressors	during	CNS	autoimmunity	(Zehntner	et	al.,	2005;	Brandau	

et	 al.,	 2013).	 In	 EAE,	 transfer	 of	 granulocytic	 MDSCs	 leads	 to	 a	 reduction	 of	 EAE	

symptoms,	 including	decreased	demyelination	due	 to	 inhibition	of	Th1	and	Th17	T‐

lymphocytes.	Thus,	while	a	small	 fraction	of	neutrophils	might	be	pro‐inflammatory,	

this	large	group	of	CD11bhigh	Ly‐6Gpos	neutrophils	might	be	MDSCs.		

Interestingly,	in	the	periphery	of	patients	with	active	MS,	specifically	the	MDSCs	are	

enriched	(Ioannou	et	al.,	2012).	Maybe,	the	exact	role	of	neutrophils	in	MS	and	its	mouse	

models	has	been	overlooked.	In	2010,	it	was	shown	that	neutrophils	are	important	for	

demyelination	 in	 the	 cuprizone	mouse	model	 for	MS,	 while	 infiltration	was	 always	

considered	 to	 be	 minimal	 (Liu	 et	 al.,	 2010).	 In	 patients	 with	 acute	 MS,	 infiltrated	

neutrophils	 were	 found	 at	 regions	 where	 the	 blood‐brain	 barrier	 integrity	 was	

damaged	 (Aubé	 et	 al.,	 2014).	 Recently,	 in	 relapsing‐remitting	 MS	 patients	 it	 was	

observed	 that	 plasma	 levels	 of	 neutrophil	 chemokines	 were	 elevated	 and	 systemic	

expression	of	neutrophil	chemokines	CXCL1,	CXCL5	and	neutrophils	elastase	could	be	
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directly	correlated	with	clinical	disability.	Therefore,	the	authors	(Rumble	et	al.,	2015)	

argue	 that	 neutrophils	 might	 be	 future	 therapeutic	 targets	 and	 maybe	 even	 new	

biomarkers	in	MS.				

Dendritic	 cells	 are	 involved	 in	 antigen	 presentation	 and	 polarization	 of	 T‐

lymphocytes.	In	MS	patients	it	was	shown	that	activated	DCs	are	present	(Serafini	et	al.,	

2006;	 Grigoriadis	 et	 al.,	 2015).	 Their	 involvement	 in	 EAE	 has	 previously	 been	

established	(Greter	et	al.,	2005;	Bailey	et	al.,	2007).	Here,	we	show	that	DCs	are	the	main	

MHCII	expressing	cells	together	with	MHCIIpos	macrophages	in	EAE.	But,	the	striking	

thing	is	that,	while	all	studied	myeloid	cell	types	expressed	Lgals3,	when	Ly‐6Cpos	cells,	

consisting	of	a	mix	of	macrophages	and	dendritic	cells,	were	sorted	by	FACS,	these	cells	

abundantly	expressed	Arg1.	Macrophages	are	involved	in	demyelination	and	stripping	

of	axons,	but	their	function	is	more	diverse	and	complex	(Yamasaki	et	al.,	2014).	After	

myelin	 uptake,	 pro‐inflammatory	 macrophages	 can	 adopt	 an	 anti‐inflammatory	

phenotype	(Vogel	et	al.,	2013;	Bogie	et	al.,	2013)	and	macrophages	are	important	for	

the	resolution	of	inflammation	and	tissue	regeneration	(Shechter	et	al.,	2013).	In	EAE	it	

has	 been	 shown	 that	 CD11bpos	 Ly‐6Chigh	 macrophages	 can	 suppress	 T‐lymphocyte	

proliferation	and	induce	apoptosis	of	T‐lymphocytes	(Zhu	et	al.,	2007).	Therefore,	while	

macrophages	 are	 involved	 in	 demyelination,	 to	 classify	 them	 as	 strictly	 pro‐

inflammatory	is	incorrect	and	further	study	into	the	different	phenotypes	is	necessary.		

During	EAE,	microglia	highly	expressed	Axl	and	Gas6	as	shown	before	(chapter	6	this	

thesis).	They	also	expressed	MHCII	and	CD11c.	The	study	of	CD11chigh	microglia	was	not	

part	of	the	scope	of	this	chapter,	but	CD11cpos	microglia	have	previously	been	studied	

in	EAE	(Wlodarczyk	et	al.,	2014;	2015).	In	EAE,	these	CD11cpos	microglia	represent	a	

minor	fraction	and	could	induce	T‐lymphocyte	proliferation	and	expressed	more	MHCII	

and	 co‐stimulatory	 cytokines	 CD80	 and	CD86	 on	 the	membrane	 (Wlodarczyk	 et	 al.,	

2014).	But,	they	were	also	deficient	in	IL‐12	and	IL‐23	production,	cytokines	neccesary	

for	the	induction	of	Th1	and	Th17	cells.	Interestingly,	an	important	microglia	identity	

gene	IRF8	appears	to	be	crucial	in	MDSCs	regulation.	Therefore,	the	role	of	microglia	as	

another	“suppressor	cell”	might	be	an	interesting	future	target	(Waight	et	al.,	2013).	

In	 conclusion,	 neutrophils	 are	 the	 major	 myeloid	 infiltrates	 and	 CD11blow	

neutrophils	are	the	main	pro‐inflammatory	myeloid	infiltrates	during	EAE.	CD11bhigh	

neutrophils	have	a	more	intermediate	phenotype	towards	anti‐inflammation.		The	role	

of	 neutrophils	might	 be	 far	more	 important	 than	 anticipated	 in	 EAE	 and	MS.	While	

macrophages	and	dendritic	cells	have	been	clearly	implicated	in	EAE	progression,	here	
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we	show	that	probably	they	are	present	with	multiple	phenotypes	in	the	CNS	during	

EAE.	The	roles	that	were	assigned	to	these	cells	in	the	past	decades	are	correct,	but	too	

simplistic	and	should	be	revisited.		
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Table	S1.	qPCR	primer	information	
Gene	name	 Accession	number	

	

Forward	primer	5’‐3’	 Reverse	primer	5’‐3’	

Hmbs	 NM_013551.2	

NM_001110251.1	

CCGAGCCAAGCACCAGGATA	 CTCCTTCCAGGTGCCTCAGA	

H2Aa	 NM_010378.2	 CTGTCTTATCTCACCTTCATCC	 GGAATCTCAGGTTCCCAGTG	

Il1b	 NM_008361.3	 GGCAGGCAGTATCACTCATT	 AAGGTGCTCATGTCCTCAT	

Axl	 NM_009465.4	

NM_001190974.1	

NM_001190975.1	

TGAAGCCACCTTGAACAGTC	 GCCAAATTCTCCTTCTCCCA	

Gas6	 NM_019521.2	 CGAGTCTTCTCACACTGTGCT	 CCTCGAAGACTTGGTAGGCG	

Lgals3	 NM_001145953.1	

NM_010705.3	

CAGGATTGTTCTAGATTTCAGGAG	 TGTTGTTCTCATTGAAGCGG	

Arg1	 NM_007482.3	 CAAGACAGGGCTCCTTTCAG	 TTCACAGTACTCTTCACCTCCT	

Fcrls	 NM_030707.3	 CTCAATGTCACAGAGCCCCC	 TGTTCAACCTCTACGCGTCC	

Nlrp3	 NM_145827.3	 GCAGAGCCTACAGTTGGGTG	 AGCTCAGGCTTTTCTTCCTGG	

Il10	 NM_010548	 AAGGGTTACTTGGGTTGCCA	 TTTCTGGGCCATGCTTCTCTG	

Cd274	 NM_021893	 GATCATCCCAGAACTGCCTG	 GACACTACAATGAGGAACAACAG	

	

	

	


