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SUMMARY	

Transplantation	of	mesenchymal	stem	cells	(MSCs)	into	injured	or	diseased	tissue	–for	the	in	

situ	 delivery	 of	 a	 wide	 variety	 of	 MSC-secreted	 therapeutic	 proteins–	 is	 an	 emerging	

approach	for	the	modulation	of	the	clinical	course	of	several	diseases	and	traumata.	From	an	

emergency	point-of-view,	allogeneic	MSCs	have	numerous	advantages	over	patient-specific	

autologous	MSCs	since	‘off-the-shelf’	cell	preparations	could	be	readily	available	for	instant	

therapeutic	 intervention	 following	 acute	 injury.	 Although	 we	 could	 confirm	 the	 –widely	

accepted–	 in	 vitro	 immunomodulatory	 capacity	 of	 allogeneic	MSCs	 on	 antigen-presenting	

cells	with	standard	co-culture	experiments,	allogeneic	MSC	grafts	were	irrevocably	rejected	

by	the	host’s	immune	system	upon	either	intramuscular	or	intracerebral	transplantation.	In	

an	 attempt	 to	 modulate	 MSC	 allograft	 rejection	 in	 vivo,	 we	 transduced	 MSCs	 with	 an	

interleukin-13	 (IL13)-expressing	 lentiviral	 vector.	 Our	 data	 clearly	 indicate	 that	 prolonged	

survival	 of	 IL13-expressing	 allogeneic	 MSC	 grafts	 in	 muscle	 tissue	 coincided	 with	 the	

induction	of	 an	 alternatively	 activated	M2a	macrophage	phenotype	 in	 vivo	 and	 a	 reduced	

number	 of	 alloantigen-reactive	 interferon	 gamma	 (IFNγ)-	 and/or	 interleukin-2	 (IL2)-

producing	 CD8+	 T	 cells	 compared	 to	 non-modified	 allografts.	 Likewise,	 intracerebral	 IL13-

expressing	MSC	allografts	exhibited	prolonged	survival	and	induction	of	an	M2a	macrophage	

phenotype,	 although	 a	 peripheral	 T	 cell	 component	 was	 absent.	 In	 a	 final	 study,	 we	

investigated	 whether	 targeted	 central	 nervous	 system	 transplantation	 of	

autologous/allogeneic	 IL13-expressing	 MSCs	 would	 be	 able	 to	 modulate	 pathology-

associated	 immune	 responses	 in	 the	 cuprizone	 (CPZ)	mouse	model,	 i.e.	 a	well-established	

animal	 model	 of	 neuroinflammation	 and	 demyelination.	 Using	 a	 multimodal	 imaging	

approach,	 we	 demonstrated	 that	 transplantation	 of	 both	 autologous	 and	 allogeneic	 IL13-

expressing	MSCs	 (MSCs-IL13)	 efficiently	 limited	 CPZ-induced	microgliosis,	 oligodendrocyte	

death	 and	 focal	 demyelination.	 In	 summary,	 this	 doctoral	 study	 clearly	 illustrates	 that	 the	

localized	 production	 of	 IL13	 by	 allogeneic	MSCs	 has	 the	 potential	 to	 effectively	modulate	

innate	 and	 adaptive	 immune	 responses	 in	 vivo.	 Upon	 transplantation	 of	 IL13-expressing	

MSCs,	 the	 pleiotropic	 actions	 of	 IL13	 –potentially	 aided	 by	 the	 intrinsic	 secretion	 of	MSC-

associated	 proteins–	 significantly	 promoted	 MSC	 allograft	 survival	 in	 vivo	 and	 conferred	

(partial)	protection	against	CPZ-induced	demyelination	and	neuroinflammation.	
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SAMENVATTING	

Transplantatie	van	mesenchymale	stamcellen	(MSCs)	in	beschadigd	of	ziek	weefsel,	met	als	

doel	de	plaatselijke	productie	van	MSC-gesecreteerde	therapeutische	eiwitten,	wordt	steeds	

vaker	 toegepast	 om	 het	 klinisch	 beloop	 van	 ziektes	 en	 letsels	 te	 moduleren.	 Vanuit	 een	

urgentiestandpunt	 bekeken,	 heeft	 het	 gebruik	 van	 allogene	MSCs	 verscheidene	 voordelen	

ten	 opzichte	 van	 patiënt-specifieke	 autologe	MSCs	 vermits	 dit	 zou	 toelaten	 om	 ‘kant-en-

klare’	 universele	 celpreparaten	 ter	 beschikking	 te	 hebben	 voor	 spoedinterventie	 na	 acuut	

trauma.	 Ongeacht	 het	 feit	 dat	 de	 (algemeen	 aanvaarde)	 in	 vitro	 immuunmodulerende	

eigenschappen	van	allogene	MSCs	op	antigeen-presenterende	cellen	in	deze	thesis	werden	

bevestigd,	observeerden	we	dat	intramusculair	of	intracerebraal	getransplanteerde	allogene	

MSCs	onherroepelijk	afgestoten	worden	door	het	 immuunsysteem	van	de	gastheer.	 In	een	

poging	 om	 de	 in	 vivo	 immuunherkenningsmechanismen	 verantwoordelijk	 voor	 deze	

afstotingsreactie	 te	 moduleren,	 werden	 MSCs	 met	 een	 lentivirale	 vector	 coderend	 voor	

interleukine-13	 (IL13)	 getransduceerd.	 Na	 intramusculaire	 transplantatie	 vertoonden	 IL13-

exprimerende	allogene	MSCs	(MSCs-IL13)	een	significant	verlengde	overleving	ten	opzichte	

van	niet-gemodificeerde	MSCs,	te	danken	aan	de	lokale	inductie	van	alternatief	geactiveerde	

M2a	macrofagen	en	de	verminderde	(perifere)	inductie	van	alloreactieve	interferon	gamma	

(IFNγ)-	 en/of	 interleukine-2	 (IL2)-producerende	 CD8+	 T	 cellen.	 Intracerebraal	 getrans-

planteerde	 allogene	 MSC-IL13	 implantaten	 vertoonden	 eveneens	 een	 verlengde	 in	 vivo	

overleving	en	M2a	macrofaagactivatie,	 in	afwezigheid	van	een	perifere	T	celcomponent.	 In	

een	finaal	celtherapeutisch	experiment	werd	onderzocht	of	intracerebrale	transplantatie	van	

autologe/allogene	 IL13-exprimerende	 MSCs	 in	 staat	 zou	 zijn	 pathologie-geassocieerde	

immuunresponsen	te	moduleren	in	het	cuprizone	(CPZ)	muismodel,	een	gevestigd	diermodel	

voor	neuroinflammatie	en	demyelinisatie.	Gebruik	makende	van	multimodale	beeldvorming	

toonden	we	aan	dat	zowel	autologe	als	allogene	MSC-IL13	transplantatie	CPZ-geïnduceerde	

microgliose,	oligodendrocyt	celdood	en	focale	demyelinisatie	aanzienlijk	konden	reduceren.	

Samengevat	 illustreert	 deze	 doctoraatsthesis	 het	 potentieel	 van	 lokale	MSC-gemedieerde	

IL13	 productie	 om	 zowel	 aangeboren	 als	 adaptieve	 in	 vivo	 immuunresponsen	 efficiënt	 te	

moduleren.	De	pleiotrope	 acties	 van	 IL13,	mogelijk	 bijgestaan	door	 de	 intrinsieke	 secretie	

van	MSC-geassocieerde	 eiwitten,	 zijn	 in	 staat	 om	 de	 in	 vivo	 overleving	 van	 allogene	MSC	

transplanten	 aanzienlijk	 te	 verlengen	 en	 kunnen	 bovendien	 (partiële)	 bescherming	 bieden	

tegen	CPZ-geïnduceerde	demyelinisatie	en	neuroinflammatie.	



	



	

	

	

	

	

	

CHAPTER	1	

	GENERAL	INTRODUCTION	&	OUTLINE	OF	THE	STUDY	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	

2	

	



	 	 GENERAL	INTRODUCTION	&	OUTLINE	OF	THE	STUDY	

	 	 3	

1.1	GENERAL	INTRODUCTION	

Since	the	discovery	of	adult	human	stem	cells,	the	concept	of	stem	cell	transplantation	has	

aspired	 much	 hope	 for	 the	 treatment	 of	 a	 wide	 array	 of	 degenerative,	 ischemic	 and	

traumatic	injuries.	Mesenchymal	stem	cells	or	mesenchymal	stromal	cells	(MSCs)	have	raised	

particular	 interest	 for	 therapeutic	 application	 due	 to	 their	 unique	 cellular	 characteristics.	

MSCs,	adult	stem	cells	of	mesodermal	origin,	reside	in	the	bone	marrow	where	they	support	

hematopoietic	 stem	 cell	 function	 [1].	 Although	 MSCs	 display	 multilineage	 differentiation	

potential	 towards	 osteoblasts,	 chondrocytes	 and	 adipocytes,	 and	 are	 therefore	 highly	

suitable	 for	direct	 tissue	 replacement	 therapy,	current	applications	also	 focus	on	 the	cells’	

immunomodulatory	and	trophic	properties	[2].	Indeed,	a	growing	body	of	evidence	suggests	

that	 the	 beneficial	 effect	 of	MSC	 therapy	 results	 from	 the	 cells’	 capacity	 to	 secrete	 large	

quantities	of	bioactive	molecules	 in	response	to	an	inflammatory	environment	[3-5].	These	

trophic	and	modulatory	MSC	properties	include	(but	are	not	restricted	to):	(i)	the	stimulation	

of	 angiogenesis,	 (ii)	 the	 inhibition	 of	 apoptosis	 and	 fibrosis	 at	 sites	 of	 injury,	 (iii)	 the	

stimulation	of	local	tissue-specific	progenitor	cell	expansion/differentiation,	and	(iv)	the	local	

suppression	 of	 immune	 responses	 [6].	 In	 addition,	 MSCs	 are	 easily	 amenable	 to	 genetic	

engineering	 and	 can	 thus	 be	 adopted	 as	 a	 versatile	 cell-based	 delivery	 system	 for	

therapeutic	proteins	[7-9].		

Although	 the	 ease	 of	 MSC	 isolation	 and	 subsequent	 in	 vitro	 expansion	 facilitates	 the	

implementation	 of	 patient-derived	 autologous	 MSCs	 in	 the	 clinic,	 allogeneic	 MSC	

transplantation	(i.e.	donor	≠	recipient)	provides	some	clear	advantages.	Above	all,	“off-the-

shelf”	 allogeneic	 cell	 preparations	 could	 be	 readily	 available	 for	 instant	 therapeutic	

intervention	following	acute	 injury.	Furthermore,	patient-derived	autologous	MSCs	may	be	

compromised	 due	 to	 age	 or	 disease,	 impairing	 the	 cells’	 proliferative	 and/or	 therapeutic	

capacity	 [2,	 10].	 Finally,	 the	 use	 of	 allogeneic	 cells	 enables	 the	 careful	 selection	 of	

(genetically	 engineered)	 cell	 populations	 with	 maximal	 effectiveness	 (i.e.	 regenerative	

capacity	 [11])	 and	 minimal	 adverse	 effects	 (i.e.	 tumorigenicity	 [12]).	 Even	 though	 both	

autologous	 and	 allogeneic	MSCs	 have	 already	 found	 their	way	 into	 the	 clinic	 [13-16],	 the	

prospect	of	using	universal	donor	MSCs	as	a	“one-size-fits-all”	cellular	therapy	clearly	offers	

the	most	attractive	alternative.	
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Figure	1.1:	The	MSC	immunogenicity	controversy.	
Cumulative	citations	of	a	few	key	studies	supporting	the	“universal	donor”	hypothesis	(in	blue)	versus	the	“MSC	
immunogenicity”	 hypothesis	 (in	 red),	 plotted	 from	 2000-2012.	 Shades	 represent	 contributions	 of	 individual	
papers	 (reference	 numbers	 are	 denoted	 on	 the	 right	 hand	 side	 of	 the	 graph).	 Contributions	 of	 papers	 are	
stacked	 upon	 one	 another	 with	 the	most	 influential	 papers,	 as	 determined	 by	 number	 of	 citations,	 on	 the	
bottom	and	the	least	influential	papers	on	the	top.	Figure	adapted	from	Ankrum	et	al.	(2014).		

	

Given	 their	 immunomodulatory	 nature,	 MSCs	 have	 long	 been	 regarded	 as	

hypoimmunogenic,	 immune	 privileged	 cells	 that	 could	 be	 transplanted	 across	 major	

histocompatibility	 (MHC)	 barriers	 without	 evoking	 a	 rejection	 reaction	 [17-27].	 However,	

recent	evidence	was	found	that	contradicts	this	“universal	donor”	hypothesis,	as	MSC	graft	

infiltration	 by	 natural	 killer	 (NK)	 T	 cells,	 NK	 cells	 and	 myeloid	 cells	 was	 observed	 and	

alloreactive	CD8+	T	cells,	alloantibodies	and	immunological	memory	were	induced	following	

MSC	 transplantation	 in	MHC-mismatched	mice	 [28-42].	 Despite	 the	 growing	 body	 of	 data	

highlighting	 MSC	 immunogenicity	 in	 vivo,	 long-term	 clinical	 benefit	 of	 allogeneic	 (or	

xenogeneic,	 i.e.	 transplantation	 across	 species	 barriers)	 MSC	 transplantation	 is	 still	

considered	as	sufficient	proof	of	MSC	immune	privilege	by	many	researchers,	even	though	
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many	 of	 these	 authors’	 publications	 lack	 an	 in-depth	 analysis	 of	 the	 in	 vivo	 fate	 and	

immunogenicity	 of	 the	 transplanted	 cells	 [10,	 13,	 43-48].	 To	 this	 day,	 the	 in	 vivo	 immune	

privileged	 status	 of	MSCs	 therefore	 remains	 a	matter	 of	 great	 controversy	within	 the	 cell	

transplantation	field	(figure	1.1)	[15].		

1.2	RESEARCH	QUESTIONS	OF	THIS	DOCTORAL	THESIS	

1. Given	 the	 great	 deal	 of	 conflicting	 evidence	 regarding	 the	 immunogenic	 character	 of	

MSCs,	 the	 first	 research	 question	 that	 is	 addressed	 in	 this	 thesis	 is	 whether	 the		

–widely	accepted–	 immunomodulatory	properties	of	MSCs	are	capable	to	prevent	MSC	

allograft	rejection	in	vivo.	

2. As	we	here	establish	that	allogeneic	MSCs	are	rapidly	recognized	and	rejected	in	vivo,	the	

second	research	question	to	be	investigated	in	this	thesis	is	whether	genetic	engineering	

of	 allogeneic	MSCs	 with	 the	 immunomodulatory	 cytokine	 interleukin-13	 (IL13)	 –a	 Th2	

cytokine	 capable	 to	 induce	 cell	 survival-promoting	 alternative	 activation	 in	 cell	 graft-

associated	macrophages/microglia–	can	reduce	cell	graft-induced	immunity	and	enhance	

in	vivo	MSC	allograft	survival.	

3. Finally,	the	third	research	question	of	this	thesis	is	to	determine	whether	IL13-expressing	

allogeneic	 MSCs	 have	 a	 comparable	 neuroprotective	 effect	 as	 IL13-expressing	

autologous	MSCs	when	transplanted	in	a	mouse	model	of	central	nervous	system	(CNS)	

demyelination	and	inflammation.		

1.3	EXPERIMENTAL	OUTLINE	OF	THIS	DOCTORAL	THESIS	

In	chapter	2	of	this	thesis,	we	provide	a	comprehensive	overview	of	the	current	knowledge	

regarding	the	immune	recognition	mechanisms	in	play	following	cellular	grafting	in	the	CNS.	

We	 discuss	 the	 differences	 in	 immunogenicity	 of	 autologous,	 allogeneic	 and	 xenogeneic	

(neural	and	mesenchymal)	cell	grafts	and	describe	how,	and	to	which	extent,	 the	different	

components	 of	 the	 host	 immune	 system	 are	 involved	 in	 the	 immunological	 rejection	 of	

allogeneic/xenogeneic	cell	grafts.	

This	 literature	 study	was	 accepted	 for	 publication	 as	 a	 concise	 review	manuscript	 in	 Stem	

Cells	Translational	Medicine	(January	2017).	
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In	chapter	3,	we	investigate	the	immunogenicity	and	the	immunomodulatory	properties	of	

allogeneic	MSCs	 in	 vitro	 versus	 in	 vivo	 (research	 question	 #1	 of	 this	 thesis).	 Although	we	

confirm	 the	 cells’	 immunomodulatory	 properties	 in	 vitro,	 intramuscular	 (IM)	 and	

intracerebral	(IC)	MSC	allografts	undergo	rapid	immunological	rejection	in	vivo	(figure	1.2A).	

Furthermore,	we	provide	evidence	that	different	immune	effector	mechanisms	are	involved	

in	 the	 rejection	process	 of	 IM	 versus	 IC	MSC	 allografts.	 In	 an	 attempt	 to	minimize	 in	 vivo	

allograft	 rejection,	 allogeneic	 MSCs	 are	 generated	 expressing	 the	 immunosuppressive	

cytokine	 IL13	 (research	 question	 #2	 of	 this	 thesis;	 figure	 1.2B).	 A	 side-by-side	 comparison	

with	control	MSCs	reveals	that	the	neo-expression	of	IL13	by	allogeneic	MSCs	is	capable	to	

significantly	 modulate	 graft-induced	 immunity	 (i.e.	 both	 innate	 and	 adaptive	 immune	

responses),	which	 eventually	 results	 in	 extended	MSC	 allograft	 survival	 following	 both	 IM	

and	IC	transplantation.	

These	 experimental	 findings	 were	 summarized	 in	 a	 first-author	 research	 manuscript	

published	 in	 Stem	Cells	 (2016).	A	 schematic	overview	of	 the	experimental	workflow	of	 this	

chapter	is	provided	in	figure	1.2.	

	
Figure	1.2:	Experimental	workflow	of	chapter	3	of	this	doctoral	thesis.	
alloMSCs:	allogeneic	mesenchymal	stem	cells,	BLI:	bioluminescence	imaging,	IC:	 intracerebral	transplantation,	
IM:	 intramuscular	 transplantation,	 IV:	 intravenous	 transplantation,	 LV-IL13:	 interleukin-13-encoding	 lentiviral	
vector.	
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In	 a	 third	 and	 final	 experimental	 part,	 which	 is	 presented	 in	 chapter	 4	 of	 this	 thesis,	 we	

investigate	 whether	 allogeneic	 IL13-expressing	 MSCs	 are	 as	 effective	 as	 autologous	 IL13-

expressing	MSCs	 at	 modulating	 pathology-associated	 immune	 responses	 in	 the	 cuprizone	

(CPZ)	 mouse	 model,	 i.e.	 a	 well-established	 animal	 model	 of	 neuroinflammation	 and	

demyelination	 (research	 question	 #3	 of	 this	 thesis)	 [49].	 To	 this	 end,	 IL13-expressing	

autologous	 and	 allogeneic	 MSCs	 are	 transplanted	 in	 the	 splenium	 of	 CPZ-fed	 mice,	 after	

which	we	 compare	 to	which	 extent	 CPZ-associated	 neuroinflammation	 and	 demyelination	

are	reduced	 in	these	grafted	mice	compared	to	non-grafted	CPZ-fed	mice	 (positive	control	

group)	 and	 healthy	 control	 mice	 (negative	 control	 group).	 Using	 a	 multimodal	 imaging	

approach,	 we	 demonstrate	 that	 transplantation	 of	 both	 autologous	 and	 allogeneic	 IL13-

expressing	MSCs	displays	a	beneficial	effect	on	the	CPZ-associated	pathology.	

		 	
Figure	1.3:	Experimental	workflow	of	chapter	4	of	this	doctoral	thesis.	
autoMSCs-IL13:	 interleukin-13-expressing	 autologous	mesenchymal	 stem	 cells,	 alloMSCs-IL13:	 interleukin-13-
expressing	allogeneic	mesenchymal	stem	cells,	CPZ:	cuprizone,	IC:	intracerebral	transplantation,	MRI:	magnetic	
resonance	imaging,	wk:	weeks.	
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Part	of	these	results	were	integrated	in	a	research	manuscript	which	was	published	in	Journal	

of	 Neuroinflammation	 (2016).	A	 schematic	 overview	 of	 the	 experimental	 workflow	 of	 this	

chapter	is	provided	in	figure	1.3.	

Finally,	 in	 chapter	 5,	 a	 general	 conclusion	 of	 our	 findings	 is	 provided	 and	 future	 research	

perspectives	are	discussed.	

1.4	EXPERIMENTAL	CHOICES	MADE	DURING	THE	COURSE	OF	THIS	PHD	THESIS	

1.4.1	In	vivo	monitoring	of	cell	graft	survival	

In	 recent	 years,	 a	 lot	 of	 research	 has	 gone	 into	 the	 optimization	 of	 non-invasive	 imaging	

modalities	for	the	assessment	of	the	in	vivo	fate	of	transplanted	cells.	Several	techniques	for	

in	vivo	cellular	imaging	are	now	available	that	allow	the	characterization	of	transplanted	cells	

in	a	 living	organism,	 including	bioluminescence	 imaging	 (BLI),	magnetic	 resonance	 imaging	

(MRI),	positron	emission	tomography	 (PET),	single-photon	emission	computed	tomography	

(SPECT),	 and	 multiphoton	 microscopy	 [50].	 All	 these	 imaging	 modalities	 are	 based	 on	

different	 principles,	 thus	 providing	 distinctive	 –usually	 complementary–	 information.	 Each	

technique	has	its	own	set	of	strengths	and	limitations,	as	discussed	below	(table	1.1).	

Imaging	
modality	

Spatial	
resolution	 Depth	 Sensitivitya	 #	labeled	cells	

required	for	detection	
Temporal	
resolution	 Quantitation	

BLI	 several	mm	 1-2	cm	 10−15−10−17	mole/L	 100-1000	cells	 sec	-	min	 relative	

MRI	 10-100	µm	 no	limit	 10−3–10−5	mole/L	 1-10	cells	 min	-	hours	 absolute	

PET/SPECT	 1-2	mm	 no	limit	 10−10−10−12	mole/L	 1-10	cells	 min	-	hours	 absolute	

IVM	 1	µm	 <	400-800	µm	 10−6–10−8	mole/L	 1	cell	 sec	-	hours	 relative	

Table	1.1:	General	characteristics	of	different	imaging	modalities	available	for	the	 in	vivo	monitoring	of	cell	
graft	 survival.	 BLI:	 bioluminescence	 imaging,	 MRI:	 magnetic	 resonance	 imaging,	 PET:	 positron	 emission	
tomography,	SPECT:	single-photon	emission	computed	tomography,	IVM:	intravital	microscopy.	[51-54]	
a:	concentration	of	reporter	molecule	that	is	detected	in	vivo		

Bioluminescence	 imaging	 (BLI)	 relies	 on	 the	 detection	 of	 light	 that	 is	 emitted	 during	 the	

conversion	of	D-luciferin	to	oxyluciferin	by	firefly	luciferase-expressing	cells	(figure	1.4).	The	

emitted	photons	 can	penetrate	 through	 surrounding	 tissues	 and	 are	 captured	outside	 the	

body	using	a	sensitive	charge-coupled	device	camera.	Since	 this	 is	an	energy-	and	oxygen-

dependent	process,	only	viable	cells	are	visualized,	making	this	technique	particularly	useful	

for	 the	 longitudinal	 assessment	 of	 cell	 graft	 survival.	 Furthermore,	 integration	 of	 the	
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luciferase-encoding	 sequence	 into	 the	 host	 cell	 genome	 –i.e.	 through	 stable	 transfection,	

viral	 transduction	 or	 other	 genetic	 engineering	 techniques–	 enables	 the	 detection	 of	 cell	

proliferation	 (e.g.	 in	 case	 of	 tumor	 formation)	 as	 the	 reporter	 gene	 is	 not	 progressively	

diluted	throughout	the	expanding	cell	population.	Despite	 its	 inherently	high	sensitivity	(as	

animal	tissue	is	virtually	background-free),	hemoglobin	has	a	high	absorption	rate	for	visible	

light	 which	 markedly	 influences	 the	 transmission	 of	 light	 through	 the	 tissue	 [55].	

Furthermore,	BLI	has	limited	spatial	resolution	due	to	light	scattering	by	surrounding	tissues.	

It	 is	 estimated	 that	 the	 net	 reduction	 of	 bioluminescence	 signal	 is	 10-fold	 for	 every	

centimeter	 of	 tissue	 depth	 [51].	 As	 a	 result,	 detection	 of	 an	 in	 vivo	 BLI	 signal	 requires	

luciferase	expression	in	at	least	102-103	cells	although	higher	cell	numbers	may	be	required	

depending	 on	 the	 graft	 location	 (e.g.	 in	 highly	 vascularized	 organs	 such	 as	 the	 liver	 and	

spleen,	or	 in	the	brain	due	to	the	presence	of	the	skull)	 [55].	This	 imaging	modality	 is	thus	

mainly	useful	for	the	imaging	of	superficially	grafted	cells,	limiting	its	applicability	in	subjects	

larger	than	rodents	[50].	

	

	
Figure	1.4:	Biochemical	reaction	catalyzed	by	the	firefly	luciferase	enzyme.	
In	the	presence	of	adenosine	triphosphate	(ATP),	oxygen	(O2)	and	magnesium	(Mg2+),	firefly	luciferase	converts	
its	 substrate	 D-luciferin	 into	 oxyluciferin	 while	 releasing	 pyrophosphate	 (PPi),	 adenosine	 monophosphate	
(AMP),	carbon	dioxide	(CO2)	and	light	as	by-products	of	the	reaction.	

Magnetic	resonance	imaging	(MRI)	is	based	on	the	capacity	of	certain	atoms	to	absorb	and	

emit	 radio	 frequency	energy	when	placed	 in	an	external	magnetic	 field.	 Since	hydrogen	 is	

the	most	 abundant	 element	 in	 biological	 tissue	 (i.e.	 predominantly	water	 and	 fat),	MRI	 is	

generally	 used	 to	 map	 the	 distribution	 of	 hydrogen	 atoms	 throughout	 the	 body.	 As	 the	

difference	 in	 hydrogen	 content	 of	 transplanted	 cells	 and	 surrounding	 tissue	 is	 generally	

negligible,	cellular	grafts	must	be	labeled	with	a	contrast	agent	(e.g.	iron	oxide	particles)	in	

order	 to	 be	 visualized.	 MRI	 has	 a	 very	 high	 spatial	 resolution	 (allowing	 the	 precise	

localization	of	 labeled	cells)	and,	upon	cellular	 labeling	with	a	 contrast	agent,	an	 excellent	

detection	sensitivity	 (allowing	the	visualization	of	cell	clusters	or,	 if	 large	contrast	particles	

are	used,	even	single	cells)	 [54].	Nevertheless,	there	are	some	important	 limitations	to	the	

+	ATP	+	O2	

D-luciferin	 oxyluciferin	

luciferase	

Mg2+	
+	PPi	+	AMP	+	CO2	+		 	light	
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use	 of	 MRI	 for	 the	 long-term	 tracking	 of	 cellular	 grafts.	 First,	 MRI	 does	 not	 discriminate	

between	living	and	dead	cells,	as	the	contrast	particles	rather	than	the	transplanted	cells	are	

being	 visualized.	 As	 a	 result	 of	 cell	 death	 and/or	 phagocytosis,	 contrast	 particles	 can	 be	

transferred	to	resident	phagocytes,	which	may	generate	false	positive	signal.	Finally,	mitotic	

cell	 division	 progressively	 dilutes	 the	 intracellular	 label,	 thereby	 reducing	 the	 detection	

sensitivity	of	the	technique	(figure	1.5:	direct	labeling	strategy)	[56].	All	these	problems	can	

however	 be	 remediated	 by	 the	 indirect	 labeling	 of	 transplanted	 cells	 for	 MRI,	 e.g.	 by	

inducing	the	expression	of	transferrin	receptor	and/or	ferritin	(i.e.	a	receptor	promoting	the	

uptake	 of	 endogenous	 iron	 and	 a	 cytosolic	 iron-binding	 protein,	 respectively)	 (figure	 1.5:	

indirect	 labeling	 strategy)	 [57].	Nevertheless,	 the	 relative	 sensitivity	of	 these	 indirect	MRI-

based	 labeling	methods	compared	 to	direct	 cell	 labeling	approaches	has	yet	 to	be	studied	

[58].	

Positron	 emission	 tomography	 (PET)	 and	 single-photon	 emission	 computed	 tomography	

(SPECT)	 are	 imaging	modalities	 that	 rely	 on	 the	detection	of	 radioactive	 tracer	molecules.	

Although	the	spatial	resolution	of	these	methods	 is	 low,	PET	and	SPECT	are	extraordinarily	

sensitive	 compared	 to	 MRI	 and	 at	 least	 equally	 sensitive	 as	 fluorescence-	 and	

bioluminescence-based	methods,	 as	 even	 picomolar	 concentrations	 of	 radiotracer	 can	 be	

detected	[58].	This	high	sensitivity	allows	for	the	use	of	trace	amounts	of	(direct	or	indirect)	

reporter	molecules,	hence	preventing	interference	with	normal	cellular	function.	Since	even	

radioisotopes	with	a	long	half-life	(t1/2),	such	as	64Cu-PTSM	and	111In-oxiquinolon	(t1/2	=	12.7	

hours	and	2.8	days;	used	for	PET	and	SPECT,	respectively),	do	not	persist	long	enough	in	vivo	

for	 the	 long-term	follow-up	of	cellular	grafts,	 indirect	PET/SPECT	cell	 labeling	methods	are	

required	 for	 this	application	 (figure	1.5)	 [58].	Suitable	 reporter	genes	generally	encode	 for	

receptors,	enzymes	or	transporters	that	promote	the	cellular	uptake	and/or	accumulation	of	

injected	radiotracers.	The	most	common	of	these	reporter	proteins	 is	herpes	simplex	virus	

thymidine	 kinase	 type	 1	 (HSV1-tk),	 an	 enzyme	 that	 phosphorylates	 radioactively	 labeled	

nucleoside	 analogs	 thereby	 trapping	 them	 inside	 the	 cell	 [58].	 An	 important	 drawback	 of	

these	 radionuclide	 imaging	 modalities	 is	 the	 high	 cost	 associated	 with	 the	 production	 of	

radioactive	tracers	[50].	Furthermore,	many	tracers	(incl.	nucleoside	analogs)	are	unable	to	

cross	the	blood-brain	barrier,	thus	preventing	the	follow-up	of	cellular	grafts	within	the	CNS	

[58].	
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Figure	1.5:	Direct	and	indirect	cell	labeling	strategies	for	the	non-invasive	detection	of	cellular	grafts.		
Figure	adapted	from	Ahrens	et	al.	(2013).	

	

Intravital	 multiphoton	 microscopy	 is	 a	 highly	 sensitive	 three-dimensional	 fluorescence	

microscopy	 technique	 capable	 of	 imaging	 cell-cell	 or	 even	 cell-protein	 interactions	 with	

subcellular	 resolution.	 It	 differs	 from	 traditional	 microscopy,	 in	 which	 the	 excitation	

wavelength	 is	 shorter	 than	 the	 emission	 wavelength,	 as	 the	 wavelengths	 of	 the	 exciting	

photons	 are	 longer	 than	 the	 wavelength	 of	 the	 emitted	 light.	 Due	 to	 the	 simultaneous	

absorption	of	multiple	low-energy	(i.e.	typically	near-infrared)	photons,	 light	scattering	and	

background	signal	are	strongly	suppressed.	The	use	of	low-energy	photons	not	only	results	

in	 enhanced	 tissue	 penetration,	 but	 also	 significantly	 reduces	 phototoxicity	 and	

photobleaching	[50].	In	order	to	be	visualized	with	this	technique,	transplanted	cells	must	be	

fluorescently	 labeled	 or	 engineered	 to	 express	 fluorescent	 reporter	 proteins.	 Although	

intravital	microscopy	in	itself	is	a	non-invasive	methodology,	invasive	procedures	such	as	the	

surgical	 insertion	of	an	imaging	window	or	skull	thinning	methods	are	required	to	visualize	

tissues	 or	 structures	 in	 an	 in	 vivo	 setting	 [59].	Moreover,	 the	 area	 of	 observation	 of	 this	

technique	 is	 very	 restricted	 (±100µm),	 impairing	 the	visualization	of	 cell	migration	beyond	

this	distance	[58].	
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Within	the	Laboratory	of	Experimental	Hematology,	in	vivo	cell	graft	survival	had	previously	

been	monitored	 using	 BLI,	MRI	 and	 intravital	microscopy	 [60-64].	 Although	 expertise	 had	

been	accumulated	for	all	three	imaging	modalities,	we	limited	ourselves	to	the	use	of	non-

invasive	BLI	 in	 this	 PhD	 thesis	 for	 a	number	of	 reasons.	Given	 the	ATP-dependency	of	 the	

bioluminescence	 reaction,	 measured	 BLI	 signals	 accurately	 reflect	 the	 survival	 status	 of	

cellular	 grafts	 (contrary	 to	 MRI	 with	 contrast-enhancing	 agents).	 In	 this	 respect,	 several	

previous	 studies	 within	 our	 laboratory	 had	 already	 extensively	 validated	 longitudinal	 BLI	

imaging	 results	with	ex	vivo	histological	analyses,	 confirming	a	 strong	correlation	between	

the	read-out	of	both	techniques	[60-63].	Moreover,	in	vivo	BLI	imaging	is	a	fully	non-invasive	

modality,	 contrary	 to	 the	 invasive	 procedures	 required	 for	 intravital	 microscopy.	 Finally,	

daily	administration	of	D-luciferin	 is	non-toxic	 for	mice	and	the	 imaging	 time	per	animal	 is	

limited	 (contrary	 to	 the	 longer	 acquisition	 times	 of	MRI).	 In	 conclusion,	 BLI	 is	 a	 validated	

imaging	technique	which	is	particularly	well-suited	for	the	longitudinal	assessment	of	in	vivo	

cell	graft	survival	in	rodents.	

1.4.2	Ex	vivo	monitoring	of	antigen-specific	T	cell	responses	

One	of	the	main	goals	of	this	thesis	was	the	evaluation	–and	the	subsequent	modulation–	of	

cellular	 immune	 responses	 following	 allogeneic	 cell	 grafting	 in	 the	 mouse.	 Upon	 antigen	

(re)stimulation,	 antigen-specific	 T	 cells	 are	 activated	 and	 rapidly	 start	 producing	 cytokines	

[65].	Therefore,	cytokine	production	is	a	good	predictor	of	a	T	cell’s	activation	status	and	can	

be	used	to	evaluate	the	presence	of	antigen-specific	T	cells	within	the	whole	T	lymphocyte	

pool.	 A	 number	 of	 different	 techniques	 exist	 for	 the	 assessment	 of	 T	 cell	 cytokine	

production,	 including	 intracellular	 cytokine	 staining	 (ICS),	 enzyme-linked	 immunospot	

(ELISpot),	 enzyme-linked	 immunosorbent	 assay	 (ELISA),	 and	 cytometric	 bead	 array	 (CBA).	

Both	 ICS	 and	 ELISpot	 are	 single	 cell	 assays	 that	 provide	 information	 on	 the	 frequency	 of	

cytokine-producing	T	cells	as	well	as	on	the	quality	of	the	T	cell	response	(i.e.	the	extent	of	

cytokine	production	within	each	individual	cell).	In	contrast,	ELISA	and	CBA	measure	the	bulk	

cytokine	 that	was	 released	by	antigen-stimulated	T	cells	 into	 the	culture	supernatant	 [66].	

The	general	concept	of	these	four	techniques	is	briefly	discussed	below.	
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Intracellular	cytokine	staining	(ICS)	is	a	flow	cytometry-based	technique	in	which	intracellular	

cytokine	 levels	are	quantified.	Following	 in	vitro	antigen	restimulation	 in	the	presence	of	a	

protein	secretion	inhibitor,	T	cells	are	fixed,	permeabilized	and	stained	with	cytokine-specific	

antibodies	for	subsequent	flow	cytometric	analysis.		

For	enzyme-linked	immunospot	(ELISpot),	a	PVDF-membrane	microtiter	plate	is	coated	with	

cytokine-specific	capture	antibody.	T	cells	are	added	the	wells	along	with	their	antigen	and	

form	 a	 monolayer	 on	 the	 membrane	 surface	 of	 the	 well.	 As	 antigen-specific	 T	 cells	 are	

stimulated,	 secreted	 cytokine	 is	 captured	 directly	 onto	 the	 membrane	 surface	 by	 the	

immobilized	 antibody,	 in	 close	 proximity	 to	 the	 cytokine-secreting	 cells.	 Following	

subsequent	 detection	 steps	 (i.e.	 the	 sequential	 addition	 of	 biotinylated	 capture	 antibody,	

streptavidin-conjugated	 enzyme	 and	 substrate),	 the	 immobilized	 cytokine	 appears	 in	 the	

form	of	colored	spots	on	the	membrane.	Whereas	the	number	of	spots	per	well	reflects	the	

frequency	of	antigen-specific	T	cells,	the	amount	of	cytokine	produced	by	each	individual	cell	

can	be	estimated	by	the	spot	size.	

For	 subsequent	 analysis	 by	 enzyme-linked	 immunosorbent	 assay	 (ELISA),	 T	 cells	 are	

stimulated	 with	 antigen	 and	 cytokine-containing	 supernatants	 are	 collected.	 These	

supernatants	are	added	 to	wells	of	a	microtiter	plate	 that	were	pre-coated	with	 cytokine-

specific	 capture	 antibody.	 Following	 cytokine	 immobilization,	 biotinylated	 detection	

antibody,	 streptavidin-conjugated	 enzyme	 and	 substrate	 are	 added	 sequentially.	 The	

resulting	colorimetric	reaction	is	measured	using	a	spectrophotometer.	

Cytometric	 bead	 array	 (CBA)	 is	 a	 flow	 cytometry-based	 assay	 in	 which	 antibody-coated	

beads	are	used	to	detect	the	presence	of	cytokines	in	culture	supernatant.	Since	the	antigen-

specificity	 of	 a	 bead	 corresponds	 to	 its	 fluorescence	 intensity,	 beads	 with	 different	

specificities	can	be	mixed	during	sample	incubation.	Consequently,	this	method	is	generally	

used	for	the	simultaneous	flow	cytometric	detection	of	many	different	analytes.	

Due	 to	 their	 intrinsic	differences,	 comparative	 studies	have	 found	significant	discrepancies	

between	the	measured	read-out	of	these	techniques	[67,	68].	For	this	reason,	a	combination	

of	ICS,	ELISpot	and	ELISA	techniques	was	used	during	this	thesis	to	evaluate	allograft-specific	

T	cell	responses.	Since	each	method	has	its	own	advantages	and	disadvantages	(table	1.2),	a	

combination	of	 the	 three	 is	 likely	 to	 lead	 to	 a	more	 complete	understanding	of	 the	 T	 cell	

response	elicited	by	allogeneic	MSC	grafting.	
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Method	 Advantages	 Disadvantages	

ICS	

high	sensitivity	 measures	intracellular	cytokine	(≠	secreted	cytokine)	levels	

quantifies	cytokine	production	of	individual	cells	 large	cell	numbers	recommended	for	analysis	
extensive	phenotyping	of	producer	T	cells	possible	 		
analysis	of	cytokine	co-expression	possible	 		

no	limit	on	the	number	of	counted	positive	cells	 		

ELISpot	

very	high	sensitivity	 analysis	of	cytokine	co-expression	is	limited	

measures	secreted	cytokine	levels	 phenotyping	of	producer	T	cells	not	possible	

estimates	cytokine	production	of	individual	cells	 detection	limit	on	the	number	of	positive	cells/well	

limited	cell	numbers	required	for	analysis	 		

ELISA	

measures	secreted	cytokine	levels	 low	sensitivity	

analysis	of	cytokine	co-expression	possible	 no	information	on	the	number	of	cytokine-producing	T	cells	

limited	cell	numbers	required	for	analysis	 no	information	on	cytokine	production	of	individual	cells	

		 phenotyping	of	producer	T	cells	not	possible	

CBA	

high	sensitivity	 no	information	on	the	number	of	cytokine-producing	T	cells	

measures	secreted	cytokine	levels	 no	information	on	cytokine	production	of	individual	cells	

analysis	of	cytokine	co-expression	possible	 phenotyping	of	producer	T	cells	not	possible	

limited	cell	numbers	required	for	analysis	 	
	
Table	 1.2:	Advantages	 and	disadvantages	of	 the	different	 techniques	 available	 for	 the	evaluation	of	 T	 cell	
cytokine	production.	 ICS:	 intracellular	cytokine	staining,	ELISpot:	enzyme-linked	 immunospot,	ELISA:	enzyme-
linked	immunosorbent	assay,	CBA:	cytometric	bead	array.	

In	 order	 to	 induce	 T	 cell	 cytokine	 production	 for	 subsequent	 analysis,	 T	 cells	 must	 be	

restimulated	 in	 vitro	with	 antigenic	 peptide	 or	 stimulator	 cells.	 Peptide-based	 approaches	

are	mainly	 recommended	when	there	 is	clear	evidence	of	 immunodominance	of	one	 (or	a	

few)	peptide(s).	These	peptides	are	then	loaded	onto	multimerized	major	histocompatibility	

(MHC)	molecules,	 i.e.	 tetramers	or	pentamers.	 Since	each	 tetramer/pentamer	can	only	be	

loaded	 with	 a	 single	 peptide,	 situations	 in	 which	 no	 immunodominant	 peptide	 can	 be	

identified	 would	 require	 the	 loading	 of	 hundreds	 of	 different	 peptides	 onto	 hundreds	 of	

tetramers/pentamers	 to	 generate	 a	 comprehensive	 library.	 Furthermore,	 if	 one	 were	

interested	 in	 investigating	 both	 CD4+	 and	 CD8+	 T	 cell	 responses,	 two	 different	 multimer-

peptide	libraries	would	thus	have	to	be	generated	(i.e.	an	MHC	class	II-	and	an	MHC	class	I-

restricted	library,	respectively)	[66].	Alternatively,	T	cells	can	be	restimulated	with	the	cells	

used	for	transplantation,	i.e.	the	same	cells	that	primed	the	T	cell	response	in	vivo.	Since	it	is	

not	 clear	 which	 antigenic	 determinants	 are	 responsible	 for	 T	 cell	 induction	 following	

allogeneic	 MSC	 transplantation,	 the	 cellular	 restimulation	 approach	 was	 used	 in	 our	

experiments.	
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1.4.3	Ex	vivo	monitoring	of	antibody	responses	

Measurement	 of	 antigen-specific	 antibody	 responses	 is	 most	 commonly	 performed	 using	

ELISA-based	methods.	Generally,	 the	antigen	of	 interest	 is	used	 to	coat	a	microtiter	plate,	

after	 which	 antibody-containing	 blood	 serum	 is	 added	 to	 the	 wells.	 These	 serum-derived	

(primary)	 antibodies	 are	 bound	 by	 labeled	 secondary	 antibodies	 (e.g.	 recognizing	 the	

isotype-specific	Fc	region	of	the	heavy	chain)	and	quantified	spectrophotometrically.	Despite	

the	widespread	use	of	ELISA-based	assays	for	the	quantification	of	antigen-specific	antibody	

responses,	there	are	some	major	limitations	to	this	technique:	(i)	only	one	antibody	isotype	

can	be	tested	per	well,	and	(ii)	relatively	large	volumes	of	serum	are	required	per	well,	given	

the	 low	 frequency	 of	 antibody-producing	 B	 cells	 specific	 for	 any	 particular	 antigen	 [69].	

Alternatively,	flow	cytometry-based	approaches	have	been	proposed	that	allow	for	a	more	

sensitive,	multiplex	analysis	of	serum	antibody	levels	[70].	Using	this	set-up,	antigen-coated	

beads	are	used	to	capture	serum-derived	antibody.	Following	the	addition	of	 fluorescently	

labeled	 secondary	 antibodies,	 the	 mean	 fluorescence	 intensity	 (MFI)	 of	 the	 beads	 is	

measured	 by	 flow	 cytometry.	 Compared	 to	 ELISA,	 this	 method	 is	 faster,	 more	 sensitive,	

requires	less	sample	and	can	be	used	to	quantify	different	antibody	isotypes	simultaneously.	

Since	we	were	interested	in	determining	the	levels	of	allogeneic	MSC-specific	antibodies	in	

the	 serum	 of	 transplanted	mice,	 allogeneic	MSCs	 rather	 than	 antigen-coated	 beads	 were	

used	to	capture	serum	antibodies,	and	analyzed	by	flow	cytometry.	This	whole	cell-approach	

allows	 all	 polyclonal	 serum	 antibodies	 to	 be	measured	 simultaneously,	 regardless	 of	 their	

individual	(MSC-restricted)	epitope	specificity.	

1.4.4	Why	use	IL13	for	immunomodulation?	

Previous	studies	within	the	host	laboratory	have	demonstrated	that	intracerebral	MSC	grafts	

are	 surrounded	by	brain-resident	microglia	and	 invaded	by	blood-borne	macrophages	 [71,	

72].	Despite	their	different	origins,	microglia	and	macrophages	are	two	types	of	myeloid	cells	

capable	 to	 exert	 very	 similar	 immunological	 functions.	 Both	 cell	 types	 can	 be	 activated	 in	

vitro	 and	 in	 vivo	 with	 a	 wide	 range	 of	 different	 stimuli,	 leading	 to	 a	 broad	 spectrum	 of	

activation	phenotypes	(figure	1.6).	Upon	stimulation	with	pro-inflammatory	factors	such	as	

lipopolysaccharide	(LPS)	and	 interferon-γ	 (IFNγ),	macrophages/microglia	adopt	a	“classical”	

M1	phenotype	that	is	characterized	by	a	high	capacity	to	present	antigen,	high	IL12	and	low	

IL10	 production,	 induction	 of	 a	 type	 I	 response,	 and	 high	 production	 of	 oxygen/nitrogen	
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radicals.	Most	 other	 stimuli	 induce	 “alternative”	M2	 activation,	 characterized	 by	 low	 IL12	

and	 high	 IL10	 production,	 and	 cellular	 involvement	 in	 type	 II	 immune	 responses,	

immunoregulation	and	 tissue	 remodeling	 [73].	 This	M1/M2	nomenclature	has	 the	obvious	

advantage	 of	 mirroring	 the	 widely	 used	 Th1/Th2	 dichotomy,	 but	 is	 clearly	 an	

oversimplification.	Therefore,	M2	macrophages/microglia	are	further	subcategorized	 into	3	

well-defined	 cell	 populations:	 M2a	 macrophages/microglia,	 induced	 by	 IL4	 or	 IL13;	 M2b	

macrophages/microglia,	 induced	by	 exposure	 to	 immune	 complexes	 and	 Toll-like	 receptor	

(TLR)	or	IL1	receptor	(IL1R)	agonists;	and	M2c	macrophages/microglia,	 induced	by	IL10	and	

glucocorticoid	 hormones	 [73].	 It	 should	 however	 be	 noted	 that	 macrophages	 with	

intermediate	 and	 overlapping	 phenotypes	 have	 been	 observed	 in	 vivo,	 and	 that	 the	

proposed	 classification	 (M1/M2a/M2b/M2c)	 merely	 identifies	 4	 distinct	 phenotypes	 in	 a	

continuum	of	macrophage/microglial	activation	states	(figure	1.6)	[74].		

																					 	

	
	
Figure	1.6:	The	macrophage	activation	spectrum.	
Inducers	 (shown	between	brackets),	 phenotypes	and	 selected	 functional	properties	of	different	macrophage	
activation	states.	Arg1:	arginase-1,	IC:	immune	complexes,	iNOS:	inducible	nitric	oxide	synthase,	MHCII:	major	
histocompatibility	 complex	 class	 II,	 MR:	mannose	 receptor,	 TGFβ:	 transforming	 growth	 factor	 beta,	 TNF(α):	
tumor	necrosis	factor	(alpha).	
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Following	 MSC	 transplantation	 in	 the	 brain,	 MHCII+	 macrophages	 and	 MHCII-	 microglia	

accumulate	in/around	the	graft	site	where	they	actively	contribute	to	cell	graft	remodeling	

and,	 in	 the	 event	 of	 allogeneic	MSCs,	 cell	 graft	 rejection	 [71,	 72,	 75,	 76].	 Although	 never	

thoroughly	investigated	by	us,	we	speculate	that	the	transplantation	procedure	itself,	which	

causes	 tissue	 damage	 and	 disruption	 of	 the	 blood-brain	 barrier	 (BBB),	 as	 well	 as	

apoptosis/necrosis	of	the	bulk	of	transplanted	cells	due	to	hypoxia,	glucose	deprivation	and	

anoikis,	 triggers	 the	 release	 of	 pro-inflammatory	 stimuli	 that	 promote	 M1	

macrophage/microglia	 activation.	 We	 therefore	 hypothesized	 that	 genetic	 engineering	 of	

MSCs	with	an	M2-inducing	cytokine	may	restrict	these	detrimental	type	I	immune	responses	

by	 shifting	 the	 balance	 towards	 a	 more	 favorable	 type	 II	 response.	 In	 a	 preliminary	

experiment,	genetic	engineering	of	MSCs	with	vectors	expressing	either	IL4	or	IL13	–but	not	

IL10–	proved	capable	to	induce	considerable	expression	of	Arg1,	a	distinctive	M2a	activation	

marker,	on	graft-associated	macrophages/microglia	 [77].	 IL4	and	 IL13,	 two	pleiotropic	Th2	

cytokines,	play	overlapping	as	well	as	distinct	roles	during	type	II	immunity	[78].	Whereas	T	

cells	are	generally	unresponsive	to	IL13	due	to	the	absence	of	 IL13Rα1	expression	on	their	

cell	 surface,	 IL4	 signaling	 in	 T	 helper	 cells	 promotes	 Th2	 differentiation,	 stimulation	 and	

proliferation	[79,	80].	Since	T	cell	responses	are	minimally	involved	in	MSC	graft	remodeling	

and/or	rejection	in	the	brain,	we	have	focused	specifically	on	IL13	in	this	thesis	 in	order	to	

minimize	the	risk	of	inducing	undesirable	(allergic)	side	effects.		

Chronic	neuro-inflammation	is	a	typical	hallmark	of	multiple	sclerosis	(MS)	and	many	other	

CNS	diseases.	Under	these	pathological	circumstances,	there	is	an	inadequate	shift	from	M1	

macrophage/microglia	 activation	 (required	 for	 the	 clearance	of	myelin	 and	 cellular	debris)	

towards	 M2	 activation	 (required	 for	 the	 ensuing	 tissue	 remodeling),	 resulting	 in	 a	 local	

accumulation	 of	 pro-inflammatory	 cytokines	 and	 oxygen/nitrogen	 radicals	 and,	

consequently,	 additional	 damage	 to	 the	 surrounding	 tissue	 [81].	 In	 an	 attempt	 to	 restore	

tissue	homeostasis	in	neuroinflammatory	diseases	like	MS,	we	postulate	that	a	similar	switch	

from	M1	towards	M2a	macrophage/microglia	activation	may	be	required,	or	would	at	least	

be	 beneficial,	 to	 attenuate	 the	 pathology	 [82].	 To	 test	 this	 hypothesis,	 we	 additionally	

investigated	 whether	 targeted	 CNS	 transplantation	 of	 autologous	 and	 allogeneic	 IL13-

expressing	 MSCs	 is	 capable	 to	 modulate	 neuroinflammation	 and/or	 demyelination	 in	 a	

mouse	model	of	MS.	
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1.4.5	Why	use	the	cuprizone	mouse	model	+	MRI?	

Cuprizone	 (CPZ),	 or	 bis-cyclohexanone-oxalyldihydrazone,	 is	 an	 orally	 administered	 toxin	

capable	 of	 inducing	 oligodendrocyte	 death,	 demyelination	 and	 neuroinflammation	 in	 the	

rodent	 brain.	 Since	 these	 pathological	 events	 are	 classical	 hallmarks	 of	MS,	 the	 cuprizone	

model	is	a	validated	animal	model	for	the	study	of	the	human	MS	pathology	[49].	Depending	

on	the	duration	of	CPZ	administration,	this	model	can	be	used	to	study	different	phases	of	

the	 demyelination/remyelination	 process,	 as	 well	 as	 the	 development/dissolution	 of	

concomitant	 microgliosis	 and	 astrogliosis	 [49,	 83].	 When	 mice	 are	 given	 a	 0.2%	 CPZ-

supplemented	 diet	 for	 a	 period	 of	 4-6	 weeks,	 acute	 demyelinating	 lesions	 with	 severe	

inflammation	develop	in	white	matter	regions.	If	mice	are	subsequently	allowed	to	recover	

on	 a	 CPZ-free	 diet	 for	 4-6	 weeks,	 inflammatory	 responses	 subside	 and	 spontaneous	

remyelination	of	these	lesions	occurs.	However,	if	CPZ	is	given	continuously	for	>12	weeks,	

chronically	demyelinating	lesions	are	found	scattered	throughout	the	brain,	characterized	by	

limited	microgliosis	and	a	poor	remyelination	capacity.	In	both	the	acute	and	the	chronic	CPZ	

models,	the	BBB	remains	intact,	thus	limiting	the	contribution	of	macrophages,	T	cells	and	B	

cells	to	the	pathology.	

Although	 the	 exact	modus	 operandi	 of	 CPZ-induced	 demyelination	 has	 not	 yet	 been	 fully	

elucidated,	 the	 toxic	effect	of	CPZ	can	–in	all	probability–	be	attributed	to	 its	copper	 (Cu)-

chelating	 properties	 [49].	 This	 CPZ-dependent	 disturbance	 in	 Cu	 homeostasis	 leads	 to	 the	

impairment	 of	 various	 Cu2+-dependent	 enzymes,	 causing	 increased	 intracellular	

concentrations	 of	 reactive	 oxygen/nitrogen	 species,	 ATP	 shortage,	 endoplasmic	 reticulum	

(ER)	stress	and	impaired	protein	and	lipid	synthesis.	Mature	oligodendrocytes,	 i.e.	the	cells	

principally	 affected	 by	 CPZ	 intoxication,	 furthermore	 display	 disturbed	 myelin	 synthesis	

which	eventually	culminates	in	myelin	sheath	disintegration	and	oligodendrocyte	death	[49].	

This	 oligodendrocyte-specific	 vulnerability	 to	 CPZ	 is	 presumably	 caused	 by	 the	 extremely	

high	metabolic	demand	of	 these	cells	as	 they	support	a	membrane	100x	the	mass	of	 their	

own	cell	body	[84].	Alternatively,	oligodendrocyte	susceptibility	to	CPZ	could	also	be	caused	

by	the	cells’	high	iron	content,	provided	that	CPZ	is	capable	to	chelate	metals	other	than	Cu	

[84,	85].		
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Since	 the	 standardization	 of	 the	 CPZ	 administration	 protocol	 by	 Hiremath	 et	 al.	 [86],	 the	

cuprizone	 mouse	 model	 has	 been	 used	 as	 a	 highly	 reproducible	 animal	 model	 to	 study		

–spatially	 and	 temporally	 defined–	 inflammatory	 and	 demyelinating	 lesions	 in	 the	 brain.	

Moreover,	various	MRI	methods	have	been	optimized	for	the	non-invasive	imaging	of	CPZ-

induced	pathology	in	the	mouse	brain	[63,	87].	In	this	doctoral	thesis,	T2-weighted	MRI	was	

used	to	assess	CPZ-induced	demyelination/neuroinflammation	in	the	splenium	of	the	corpus	

callosum	(CC,	region	of	interest)	and	the	external	capsule	(EC,	control	region)	of	the	mouse	

brain.	T2-weighted	MRI	visualizes	the	distribution	of	water	throughout	the	tissue	without	the	

requirement	for	an	exogenous	contrast	agent:	regions	displaying	a	hyperintense	(i.e.	bright)	

signal	 have	 a	 high	 water	 content	 (e.g.	 lateral	 ventricles),	 whereas	 hypointense	 (i.e.	 dark)	

regions	have	a	low	water	–and	thus,	high	fat–	content	(e.g.	white	matter	bundles).	Following	

CPZ	intoxication,	the	myelin-dense	CC	and	EC	regions	undergo	severe	demyelination,	edema	

formation	 and	 inflammatory	 cell	 accumulation,	 leading	 to	 the	 local	 appearance	 of	 a	

hyperintense	 signal.	 Due	 to	 the	 easy	 read-out	 of	 this	 method,	 this	 MRI	 technique	 is	

particularly	 useful	 for	 the	 rapid,	 non-invasive	 evaluation	 of	 the	 potential	 benefit	 of	 a	

therapeutic	 intervention	 on	CPZ-induced	demyelination/neuroinflammation	 [87,	 88].	 Since	

T2-weighted	 imaging	 cannot	 differentiate	 between	 the	 contribution	 of	 demyelination		

(i.e.	decreased	 fat	content)	and	 inflammation	 (i.e.	 increased	water	content	due	 to	edema)		

to	 the	 observed	 hyperintense	 signal,	 post-mortem	 histology	 was	 additionally	 used	 to	

validate	the	obtained	MRI	results.	By	using	antibodies	specific	 for	oligodendrocytes	 (CC-1),	

myelin	(MBP)	and	infiltrating	inflammatory	cells	(F4/80	&	Arg1),	the	individual	contributions	

of	 oligodendrocyte	 death,	 demyelination	 and	 neuroinflammation	 to	 the	 CPZ-associated	

pathology	(and/or	the	therapeutic	intervention)	could	be	evaluated.	
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1.5	EXPECTED	SCIENTIFIC	OUTCOME	OF	THIS	DOCTORAL	THESIS	

In	this	thesis,	we	hope	to	demonstrate	that	genetic	modification	of	allogeneic	MSCs	with	the	

immunomodulatory	 cytokine	 IL13	 is	 capable	 to	 modulate	 allograft-specific	 immune	

responses,	improve	cell	graft	survival,	and/or	attenuate	CPZ-associated	neuroinflammation.	

To	 this	 end,	 we	 will	 use	 a	 multidisciplinary	 approach	 encompassing	 the	 following	

experimental	techniques:	

- lentiviral	vector	transduction	of	MSCs	

- intravenous,	intramuscular	and	intracerebral	cell	grafting	in	mice	

- in	vivo	bioluminescence	imaging	for	the	non-invasive	evaluation	of	cell	graft	survival		

- flow	cytometry,	ELISpot	and	ELISA	for	the	evaluation	of	graft-specific	T	cell	responses	

- flow	cytometry	for	the	detection	of	graft-specific	antibody	responses	

- multicolor	 immunofluorescence	 analysis	 of	 tissue	 sections	 (muscle/brain)	 for	 the	

detailed	characterization	of	cellular	grafts	

- magnetic	 resonance	 imaging	 for	 the	 visualization	 of	 CPZ-induced	 neuroinflammation/	

demyelination	 and	 the	 potential	 clinical	 benefit	 of	 IL13-producing	 autologous	 and	

allogeneic	MSCs	on	the	pathology	

- multicolor	 immunofluorescence	 analysis	 of	 brain	 sections	 for	 the	 detailed	

characterization	of	the	pathological	events	associated	with	CPZ	administration	and	the	

potential	 clinical	 benefit	 of	 IL13-producing	 autologous	 and	 allogeneic	 MSCs	 on	

neuroinflammation	and	demyelination	



	 	 GENERAL	INTRODUCTION	&	OUTLINE	OF	THE	STUDY	

	 	 21	

1.6	REFERENCES	

1.	 Ehninger	A,	Trumpp	A.	The	bone	marrow	stem	cell	niche	grows	up:	mesenchymal	stem	cells	
and	macrophages	move	in.	J	Exp	Med.	2011;208:421-428.	

2.	 Caplan	AI.	Why	are	MSCs	therapeutic?	New	data:	new	insight.	J	Pathol.	2009;217:318-324.	

3.	 Lee	 RH,	 Pulin	 AA,	 Seo	MJ	 et	 al.	 Intravenous	 hMSCs	 improve	myocardial	 infarction	 in	mice	
because	cells	embolized	in	lung	are	activated	to	secrete	the	anti-inflammatory	protein	TSG-6.	
Cell	Stem	Cell.	2009;5:54-63.	

4.	 Quertainmont	 R,	 Cantinieaux	 D,	 Botman	 O	 et	 al.	Mesenchymal	 stem	 cell	 graft	 improves	
recovery	 after	 spinal	 cord	 injury	 in	 adult	 rats	 through	 neurotrophic	 and	 pro-angiogenic	
actions.	PLoS	ONE.	2012;7:e39500.	

5.	 Ishikane	 S,	 Ohnishi	 S,	 Yamahara	 K	 et	 al.	 Allogeneic	 injection	 of	 fetal	 membrane-derived	
mesenchymal	 stem	 cells	 induces	 therapeutic	 angiogenesis	 in	 a	 rat	 model	 of	 hind	 limb	
ischemia.	STEM	CELLS.	2008;26:2625-2633.	

6.	 Caplan	 AI,	 Dennis	 JE.	 Mesenchymal	 stem	 cells	 as	 trophic	 mediators.	 J	 Cell	 Biochem.	
2006;98:1076-1084.	

7.	 Eliopoulos	 N,	 Al-Khaldi	 A,	 Crosato	 M	 et	 al.	 A	 neovascularized	 organoid	 derived	 from	
retrovirally	engineered	bone	marrow	stroma	 leads	 to	prolonged	 in	vivo	systemic	delivery	of	
erythropoietin	in	nonmyeloablated,	immunocompetent	mice.	Gene	Ther.	2003;10:478-489.	

8.	 Van	Damme	A,	Chuah	MK,	Dell'accio	F	et	al.	Bone	marrow	mesenchymal	cells	for	haemophilia	
A	 gene	 therapy	 using	 retroviral	 vectors	with	modified	 long-terminal	 repeats.	Haemophilia.	
2003;9:94-103.	

9.	 Schwarz	EJ,	Alexander	GM,	Prockop	DJ	et	al.	Multipotential	marrow	stromal	cells	transduced	
to	 produce	 L-DOPA:	 engraftment	 in	 a	 rat	 model	 of	 Parkinson	 disease.	 Hum	 Gene	 Ther.	
1999;10:2539-2549.	

10.	 Sun	L,	Akiyama	K,	Zhang	H	et	al.	Mesenchymal	stem	cell	transplantation	reverses	multiorgan	
dysfunction	 in	 systemic	 lupus	 erythematosus	mice	 and	 humans.	 STEM	 CELLS.	 2009;27:1421-
1432.	

11.	 Shen	 J,	 Tsai	 YT,	Dimarco	NM	et	 al.	Transplantation	of	mesenchymal	 stem	 cells	 from	young	
donors	delays	aging	in	mice.	Sci	Rep.	2011;1:67.	

12.	 Ronsyn	MW,	Daans	 J,	 Spaepen	G	et	al.	Plasmid-based	genetic	modification	of	human	bone	
marrow-derived	 stromal	 cells:	 analysis	 of	 cell	 survival	 and	 transgene	 expression	 after	
transplantation	in	rat	spinal	cord.	BMC	Biotechnol.	2007;7:1-17.	

13.	 Le	Blanc	K,	Frassoni	F,	Ball	L	et	al.	Mesenchymal	stem	cells	for	treatment	of	steroid-resistant,	
severe,	acute	graft-versus-host	disease:	a	phase	II	study.	Lancet.	2008;371:1579-1586.	

14.	 Ankrum	 J,	 Karp	 JM.	Mesenchymal	 stem	 cell	 therapy:	 Two	 steps	 forward,	 one	 step	 back.	
Trends	Mol	Med.	2010;16:203-209.	

15.	 Ankrum	 JA,	 Ong	 JF,	 Karp	 JM.	 Mesenchymal	 stem	 cells:	 immune	 evasive,	 not	 immune	
privileged.	Nat	Biotechnol.	2014;32:252-260.	

16.	 Tan	J,	Wu	W,	Xu	X	et	al.	Induction	therapy	with	autologous	mesenchymal	stem	cells	in	living-
related	kidney	transplants:	a	randomized	controlled	trial.	JAMA.	2012;307:1169-1177.	

17.	 Liechty	 KW,	MacKenzie	 TC,	 Shaaban	AF	 et	 al.	Human	mesenchymal	 stem	 cells	 engraft	 and	
demonstrate	 site-specific	 differentiation	 after	 in	 utero	 transplantation	 in	 sheep.	Nat	Med.	
2000;6:1282-1286.	

18.	 Bartholomew	A,	Sturgeon	C,	Siatskas	M	et	al.	Mesenchymal	stem	cells	suppress	 lymphocyte	
proliferation	in	vitro	and	prolong	skin	graft	survival	in	vivo.	Exp	Hematol.	2002;30:42-48.	



CHAPTER	1	

22	

19.	 Le	Blanc	K,	Tammik	L,	Sundberg	B	et	al.	Mesenchymal	stem	cells	inhibit	and	stimulate	mixed	
lymphocyte	cultures	and	mitogenic	 responses	 independently	of	 the	major	histocompatibility	
complex.	Scand	J	Immunol.	2003;57:11-20.	

20.	 Casiraghi	 F,	 Azzollini	 N,	 Cassis	 P	 et	 al.	 Pretransplant	 infusion	 of	 mesenchymal	 stem	 cells	
prolongs	 the	 survival	 of	 a	 semiallogeneic	 heart	 transplant	 through	 the	 generation	 of	
regulatory	T	cells.	J	Immunol.	2008;181:3933-3946.	

21.	 Tse	 WT,	 Pendleton	 JD,	 Beyer	 WM	 et	 al.	 Suppression	 of	 allogeneic	 T-cell	 proliferation	 by	
human	marrow	stromal	cells:	implications	in	transplantation.	Transplantation.	2003;75:389-
397.	

22.	 Ito	T,	Itakura	S,	Todorov	I	et	al.	Mesenchymal	stem	cell	and	islet	co-transplantation	promotes	
graft	revascularization	and	function.	Transplantation.	2010;89:1438-1445.	

23.	 Le	 Blanc	 K,	 Tammik	 C,	 Rosendahl	 K	 et	 al.	 HLA	 expression	 and	 immunologic	 properties	 of	
differentiated	and	undifferentiated	mesenchymal	stem	cells.	Exp	Hematol.	2003;31:890-896.	

24.	 Klyushnenkova	 E,	 Mosca	 JD,	 Zernetkina	 V	 et	 al.	 T	 cell	 responses	 to	 allogeneic	 human	
mesenchymal	 stem	 cells:	 immunogenicity,	 tolerance,	 and	 suppression.	 J	 Biomed	 Sci.	
2005;12:47-57.	

25.	 Lazarus	 H,	 Curtin	 P,	 Devine	 S	 et	 al.	 Role	 of	 mesenchymal	 stem	 cells	 (MSC)	 in	 allogeneic	
transplantation:	early	phase	I	clinical	results.	Blood.	2000;96.	

26.	 Klyushnenkova	 E,	 Mosca	 JD,	 McIntosh	 KR	 et	 al.	Human	 mesenchymal	 stem	 cells	 suppress	
allogeneic	 T	 cell	 responses	 in	 vitro:	 implications	 for	 allogeneic	 transplantation.	 Blood.	
1998;92:2652.	

27.	 Tse	WT,	Beyer	W,	Pendleton	JD	et	al.	Bone	marrow	derived	mesenchymal	stem	cells	suppress	
T	cell	activation	without	inducing	allogeneic	anergy.	Blood.	2000;96:1034a.	

28.	 Nauta	AJ,	Westerhuis	G,	 Kruisselbrink	AB	 et	 al.	Donor-derived	mesenchymal	 stem	 cells	 are	
immunogenic	in	an	allogeneic	host	and	stimulate	donor	graft	rejection	in	a	nonmyeloablative	
setting.	Blood.	2006;108:2114-2120.	

29.	 Eliopoulos	N,	Stagg	J,	Lejeune	L	et	al.	Allogeneic	marrow	stromal	cells	are	immune	rejected	by	
MHC	class	I-	and	class	II-mismatched	recipient	mice.	Blood.	2005;106:4057-4065.	

30.	 Grinnemo	 KH,	 Mansson	 A,	 Dellgren	 G	 et	 al.	 Xenoreactivity	 and	 engraftment	 of	 human	
mesenchymal	 stem	 cells	 transplanted	 into	 infarcted	 rat	 myocardium.	 J	 Thorac	 Cardiovasc	
Surg.	2004;127:1293-1300.	

31.	 Moll	 G,	 Jitschin	 R,	 von	 Bahr	 L	 et	 al.	Mesenchymal	 stromal	 cells	 engage	 complement	 and	
complement	receptor	bearing	innate	effector	cells	to	modulate	immune	responses.	PLoS	ONE.	
2011;6:e21703.	

32.	 Zangi	 L,	Margalit	 R,	 Reich-Zeliger	 S	 et	 al.	Direct	 imaging	 of	 immune	 rejection	 and	memory	
induction	by	allogeneic	mesenchymal	stromal	cells.	STEM	CELLS.	2009;27:2865-2874.	

33.	 Badillo	AT,	Beggs	KJ,	Javazon	EH	et	al.	Murine	bone	marrow	stromal	progenitor	cells	elicit	an	
in	 vivo	 cellular	 and	 humoral	 alloimmune	 response.	 Biol	 Blood	 Marrow	 Transplant.	
2007;13:412-422.	

34.	 Camp	DM,	Loeffler	DA,	Farrah	DM	et	al.	Cellular	immune	response	to	intrastriatally	implanted	
allogeneic	 bone	 marrow	 stromal	 cells	 in	 a	 rat	 model	 of	 Parkinson's	 disease.	 J	
Neuroinflammation.	2009;6:17.	

35.	 Schu	S,	Nosov	M,	O'Flynn	L	et	al.	Immunogenicity	of	allogeneic	mesenchymal	stem	cells.	J	Cell	
Mol	Med.	2012;16:2094-2103.	

36.	 Beggs	KJ,	Lyubimov	A,	Borneman	JN	et	al.	Immunologic	consequences	of	multiple,	high-dose	
administration	 of	 allogeneic	 mesenchymal	 stem	 cells	 to	 baboons.	 Cell	 Transplant.	
2006;15:711-721.	



	 	 GENERAL	INTRODUCTION	&	OUTLINE	OF	THE	STUDY	

	 	 23	

37.	 Isakova	 IA,	 Dufour	 J,	 Lanclos	 C	 et	 al.	 Cell-dose-dependent	 increases	 in	 circulating	 levels	 of	
immune	effector	cells	in	rhesus	macaques	following	intracranial	injection	of	allogeneic	MSCs.	
Exp	Hematol.	2010;38:957-967	e951.	

38.	 Poncelet	AJ,	Vercruysse	J,	Saliez	A	et	al.	Although	pig	allogeneic	mesenchymal	stem	cells	are	
not	 immunogenic	 in	 vitro,	 intracardiac	 injection	 elicits	 an	 immune	 response	 in	 vivo.	
Transplantation.	2007;83:783-790.	

39.	 Xia	 Z,	 Ye	 H,	 Choong	 C	 et	 al.	Macrophagic	 response	 to	 human	mesenchymal	 stem	 cell	 and	
poly(epsilon-caprolactone)	 implantation	 in	 nonobese	 diabetic/severe	 combined	
immunodeficient	mice.	J	Biomed	Mater	Res	A.	2004;71:538-548.	

40.	 Le	Blanc	K,	Mougiakakos	D.	Multipotent	mesenchymal	stromal	cells	and	the	 innate	 immune	
system.	Nat	Rev	Immunol.	2012;12:383-396.	

41.	 Sbano	P,	Cuccia	A,	Mazzanti	B	et	al.	Use	of	donor	bone	marrow	mesenchymal	stem	cells	for	
treatment	 of	 skin	 allograft	 rejection	 in	 a	 preclinical	 rat	 model.	 Arch	 Dermatol	 Res.	
2008;300:115-124.	

42.	 Tambuyzer	 BR,	 Bergwerf	 I,	 De	 Vocht	 N	 et	 al.	Allogeneic	 stromal	 cell	 implantation	 in	 brain	
tissue	leads	to	robust	microglial	activation.	Immunol	Cell	Biol.	2009;87:267-273.	

43.	 Horwitz	EM,	Prockop	DJ,	Fitzpatrick	LA	et	al.	Transplantability	and	therapeutic	effects	of	bone	
marrow-derived	 mesenchymal	 cells	 in	 children	 with	 osteogenesis	 imperfecta.	 Nat	 Med.	
1999;5:309-313.	

44.	 Arinzeh	TL,	 Peter	 SJ,	Archambault	MP	et	 al.	Allogeneic	mesenchymal	 stem	cells	 regenerate	
bone	in	a	critical-sized	canine	segmental	defect.	J	Bone	Joint	Surg	Am.	2003;85:1927-1935.	

45.	 Djouad	F,	Plence	P,	Bony	C	et	al.	Immunosuppressive	effect	of	mesenchymal	stem	cells	favors	
tumor	growth	in	allogeneic	animals.	Blood.	2003;102:3837-3844.	

46.	 Casiraghi	 F,	 Azzollini	 N,	 Cassis	 P	 et	 al.	 Pretransplant	 infusion	 of	 mesenchymal	 stem	 cells	
prolongs	 the	 survival	 of	 a	 semiallogeneic	 heart	 transplant	 through	 the	 generation	 of	
regulatory	T	cells.	J	Immunol.	2008;181:3933-3946.	

47.	 Quevedo	HC,	Hatzistergos	KE,	Oskouei	BN	et	al.	Allogeneic	mesenchymal	 stem	cells	 restore	
cardiac	 function	 in	 chronic	 ischemic	 cardiomyopathy	 via	 trilineage	 differentiating	 capacity.	
Proc	Natl	Acad	Sci	USA.	2009;106:14022-14027.	

48.	 Jiang	X,	 Liu	C,	Hao	 J	et	 al.	CD4+CD25+	 regulatory	T	 cells	are	not	 required	 for	mesenchymal	
stem	cell	 function	 in	 fully	MHC-mismatched	mouse	cardiac	 transplantation.	Cell	Tissue	Res.	
2014;358:503-514.	

49.	 Praet	 J,	 Guglielmetti	 C,	 Berneman	 Z	 et	 al.	 Cellular	 and	 molecular	 neuropathology	 of	 the	
cuprizone	 mouse	 model:	 clinical	 relevance	 for	 multiple	 sclerosis.	 Neurosci	 Biobehav	 R.	
2014;47:485-505.	

50.	 Walczak	 P,	 Bulte	 JW.	 The	 role	 of	 noninvasive	 cellular	 imaging	 in	 developing	 cell-based	
therapies	for	neurodegenerative	disorders.	Neurodegener	Dis.	2007;4:306-313.	

51.	 Massoud	TF,	Gambhir	SS.	Molecular	imaging	in	living	subjects:	seeing	fundamental	biological	
processes	in	a	new	light.	Genes	Dev.	2003;17:545-580.	

52.	 Heryanto	 YD,	 Achmad	 A,	 Taketomi-Takahashi	 A	 et	 al.	 In	 vivo	molecular	 imaging	 of	 cancer	
stem	cells.	Am	J	Nucl	Med	Mol	Imaging.	2015;5:14-26.	

53.	 Lee	KS,	Kim	TJ,	Pratx	G.	Single-cell	 tracking	with	PET	using	a	novel	trajectory	reconstruction	
algorithm.	IEEE	Trans	Med	Imaging.	2015;34:994-1003.	

54.	 Shapiro	EM,	Sharer	K,	Skrtic	S	et	al.	In	vivo	detection	of	single	cells	by	MRI.	Magn	Reson	Med.	
2006;55:242-249.	



CHAPTER	1	

24	

55.	 Negrin	RS,	Contag	CH.	In	vivo	imaging	using	bioluminescence:	a	tool	for	probing	graft-versus-
host	disease.	Nature	Rev	Immunol.	2006;6:484-490.	

56.	 Ahrens	ET,	Bulte	 JW.	Tracking	 immune	cells	 in	vivo	using	magnetic	 resonance	 imaging.	Nat	
Rev	Immunol.	2013;13:755-763.	

57.	 Deans	AE,	Wadghiri	YZ,	Bernas	LM	et	al.	Cellular	MRI	contrast	via	coexpression	of	transferrin	
receptor	and	ferritin.	Magn	Reson	Med.	2006;56:51-59.	

58.	 Kircher	MF,	 Gambhir	 SS,	 Grimm	 J.	Noninvasive	 cell-tracking	methods.	Nat	 Rev	 Clin	 Oncol.	
2011;8:677-688.	

59.	 Xu	HT,	Pan	F,	Yang	G	et	al.	Choice	of	cranial	window	type	for	in	vivo	imaging	affects	dendritic	
spine	turnover	in	the	cortex.	Nat	Neurosci.	2007;10:549-551.	

60.	 Bergwerf	 I,	De	Vocht	N,	Tambuyzer	B	et	al.	Reporter	gene-expressing	bone	marrow-derived	
stromal	 cells	are	 immune-tolerated	 following	 implantation	 in	 the	 central	nervous	 system	of	
syngeneic	immunocompetent	mice.	BMC	Biotechnol.	2009;9:1.	

61.	 De	 Vocht	 N,	 Bergwerf	 I,	 Vanhoutte	 G	 et	 al.	 Labeling	 of	 Luciferase/eGFP-expressing	 bone	
marrow-derived	 stromal	 cells	 with	 fluorescent	 micron-sized	 iron	 oxide	 particles	 improves	
quantitative	and	qualitative	multimodal	imaging	of	cellular	grafts	in	vivo.	Mol	Imaging	Biol.	
2011;13:1133-1145.	

62.	 Reekmans	 K,	 De	 Vocht	 N,	 Praet	 J	 et	 al.	 Spatiotemporal	 evolution	 of	 early	 innate	 immune	
responses	triggered	by	neural	stem	cell	grafting.	Stem	Cell	Res	Ther.	2012;3:56.	

63.	 Guglielmetti	C,	Praet	J,	Rangarajan	JR	et	al.	Multimodal	imaging	of	subventricular	zone	neural	
stem/progenitor	 cells	 in	 the	 cuprizone	mouse	model	 reveals	 increased	neurogenic	potential	
for	the	olfactory	bulb	pathway,	but	no	contribution	to	remyelination	of	the	corpus	callosum.	
NeuroImage.	2014;86:99-110.	

64.	 Everaert	BR,	Bergwerf	I,	De	Vocht	N	et	al.	Multimodal	in	vivo	imaging	reveals	limited	allograft	
survival,	 intrapulmonary	 cell	 trapping	 and	 minimal	 evidence	 for	 ischemia-directed	 BMSC	
homing.	BMC	Biotechnol.	2012;12:93.	

65.	 Abbas	 AK,	 Lichtman	 AH,	 Pillai	 S.	 Cellular	 and	 molecular	 immunology:	 Saunders	 (Elsevier);	
2007.	

66.	 Cellular	Technology	Ltd.	Application	and	Advantages	of	ELISPOT;	2007.	

67.	 Hagen	J,	Zimmerman	R,	Goetz	C	et	al.	Comparative	multi-donor	study	of	IFNgamma	secretion	
and	expression	by	human	PBMCs	using	ELISPOT	side-by-side	with	ELISA	and	 flow	cytometry	
assays.	Cells.	2015;4:84-95.	

68.	 Karlsson	 AC,	 Martin	 JN,	 Younger	 SR	 et	 al.	 Comparison	 of	 the	 ELISPOT	 and	 cytokine	 flow	
cytometry	 assays	 for	 the	 enumeration	 of	 antigen-specific	 T	 cells.	 J	 Immunol	 Methods.	
2003;283:141-153.	

69.	 Kodituwakku	AP,	Jessup	C,	Zola	H	et	al.	Isolation	of	antigen-specific	B	cells.	Immunol	Cell	Biol.	
2003;81:163-170.	

70.	 van	der	Heyde	HC,	Burns	JM,	Weidanz	WP	et	al.	Analysis	of	antigen-specific	antibodies	and	
their	isotypes	in	experimental	malaria.	Cytometry	A.	2007;71:242-250.	

71.	 Le	 Blon	 D,	 Hoornaert	 C,	 Daans	 J	 et	 al.	 Distinct	 spatial	 distribution	 of	 microglia	 and	
macrophages	 following	mesenchymal	 stem	 cell	 implantation	 in	mouse	 brain.	 Immunol	 Cell	
Biol.	2014;92:650-658.	

72.	 Le	 Blon	 D,	 Hoornaert	 C,	 Detrez	 JR	 et	 al.	 Immune	 remodelling	 of	 stromal	 cell	 grafts	 in	 the	
central	 nervous	 system:	 therapeutic	 inflammation	 or	 (harmless)	 side-effect?	 J	 Tissue	 Eng	
Regen	Med.	2016.	



	 	 GENERAL	INTRODUCTION	&	OUTLINE	OF	THE	STUDY	

	 	 25	

73.	 Mantovani	A,	Sica	A,	Sozzani	S	et	al.	The	chemokine	system	in	diverse	forms	of	macrophage	
activation	and	polarization.	Trends	Immunol.	2004;25:677-686.	

74.	 Muraille	 E,	 Leo	O,	Moser	M.	TH1/TH2	 paradigm	 extended:	macrophage	 polarization	 as	 an	
unappreciated	pathogen-driven	escape	mechanism?	Front	Immunol.	2014;5:603.	

75.	 Tambuyzer	B,	Bergwerf	I,	De	Vocht	N	et	al.	Allogeneic	stromal	cell	implantation	in	brain	tissue	
leads	to	robust	microglial	activation.	Immunol	Cell	Biol.	2009;87:267-273.	

76.	 De	Vocht	N,	Lin	D,	Praet	J	et	al.	Quantitative	and	phenotypic	analysis	of	mesenchymal	stromal	
cell	graft	survival	and	recognition	by	microglia	and	astrocytes	 in	mouse	brain.	 Immunobiol.	
2013;218:696-705.	

77.	 Le	Blon	D.	PhD	 thesis:	Driving	neuro-inflammation	 towards	neuro-protection:IL13-mediated	
alternative	activation	of	microglia	and	macrophages.	University	of	Antwerp;	2016.	

78.	 Van	Dyken	SJ,	Locksley	RM.	Interleukin-4-	and	interleukin-13-mediated	alternatively	activated	
macrophages:	roles	in	homeostasis	and	disease.	Annu	Rev	Immunol.	2013;31:317-343.	

79.	 Graber	P,	Gretener	D,	Herren	S	et	 al.	The	distribution	of	 IL-13	 receptor	α1	expression	on	B	
cells,	 T	 cells	 and	 monocytes	 and	 its	 regulation	 by	 IL-13	 and	 IL-4.	 Eur	 J	 Immunol.	
1998;28:4286-4298.	

80.	 de	Vries	JE.	The	role	of	IL-13	and	its	receptor	in	allergy	and	inflammatory	responses.	J	Allergy	
Clin	Immunol.102:165-169.	

81.	 Hemmer	B,	Kerschensteiner	M,	Korn	T.	Role	of	the	innate	and	adaptive	immune	responses	in	
the	course	of	multiple	sclerosis.	Lancet	Neurol.	2015;14:406-419.	

82.	 Kigerl	KA,	Gensel	JC,	Ankeny	DP	et	al.	Identification	of	two	distinct	macrophage	subsets	with	
divergent	 effects	 causing	 either	 neurotoxicity	 or	 regeneration	 in	 the	 injured	 mouse	 spinal	
cord.	J	Neurosci.	2009;29:13435-13444.	

83.	 Matsushima	GK,	Morell	P.	The	neurotoxicant,	cuprizone,	as	a	model	to	study	demyelination	
and	remyelination	in	the	central	nervous	system.	Brain	Pathol.	2001;11:107-116.	

84.	 McTigue	DM,	Tripathi	RB.	The	 life,	death,	and	replacement	of	oligodendrocytes	 in	the	adult	
CNS.	J	Neurochem.	2008;107:1-19.	

85.	 Kipp	M,	Clarner	T,	Dang	J	et	al.	The	cuprizone	animal	model:	new	insights	 into	an	old	story.	
Acta	Neuropathol.	2009;118:723-736.	

86.	 Hiremath	 MM,	 Saito	 Y,	 Knapp	 GW	 et	 al.	 Microglial/macrophage	 accumulation	 during	
cuprizone-induced	demyelination	in	C57BL/6	mice.	J	Neuroimmunol.	1998;92:38-49.	

87.	 Guglielmetti	C,	Le	Blon	D,	Santermans	E	et	al.	Interleukin-13	immune	gene	therapy	prevents	
CNS	 inflammation	 and	 demyelination	 via	 alternative	 activation	 of	 microglia	 and	
macrophages.	Glia.	2016;64:2181-2200.	

88.	 Le	Blon	D,	Guglielmetti	C,	Hoornaert	C	et	al.	 Intracerebral	transplantation	of	 interleukin	13-
producing	 mesenchymal	 stem	 cells	 limits	 microgliosis,	 oligodendrocyte	 loss	 and	
demyelination	in	the	cuprizone	mouse	model.	J	Neuroinflamm.	2016;13:288.	

	
	
	



	

26	

	



	 	 	

	 	 27	

	

	

	

	

	

CHAPTER	2	

INNATE	AND	ADAPTIVE	IMMUNE	RECOGNITION	OF	ALLOGENEIC	AND	
XENOGENEIC	CELL	TRANSPLANTS	IN	THE	CENTRAL	NERVOUS	SYSTEM	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Published	as:	
Hoornaert	et	al.	 Innate	and	adaptive	 immune	recognition	of	allogeneic	and	xenogeneic	cell	
transplants	 in	 the	 central	 nervous	 system.	 STEM	 CELLS	 TRANSLATIONAL	 MEDICINE	 2017.



	

28	



IMMUNE	RECOGNITION	OF	ALLOGENEIC	AND	XENOGENEIC	CELL	TRANSPLANTS	IN	THE	CNS	

	 	 29	

2.1	INTRODUCTION	

Over	 the	 last	 30	 years,	 numerous	 allogeneic	 and	 xenogeneic	 cell	 grafts	 have	 been	

transplanted	into	the	central	nervous	system	(CNS)	of	mice	and	men	in	an	attempt	to	cure	

neurological	 diseases.	 In	 the	 early	 studies,	 human	or	 porcine	 embryonic	 neural	 cells	were	

grafted	in	the	striatum	of	animals	or	patients	in	an	attempt	to	replace	lost	neurons.	Although	

the	 immune-privileged	 status	 of	 the	 brain	 as	 a	 recipient	 organ	 was	 widely	 accepted,	 it	

rapidly	 became	 evident	 that	 CNS-grafted	 allogeneic	 and	 xenogeneic	 cells	 could	 be	

recognized	and	rejected	by	the	 immune	system,	resulting	 in	poor	neural	graft	survival	and	

limited	functional	recovery.	Since	then,	the	CNS	transplantation	field	has	witnessed	a	sharp	

rise	 in	 the	 number	 of	 studies	 in	which	 allogeneic	 and	 xenogeneic	 neural	 or	mesenchymal	

stem	cells	(NSCs	or	MSCs,	respectively)	are	transplanted,	predominantly	aiming	at	providing	

trophic	 stimulation	 and	 promoting	 endogenous	 repair	 of	 the	 brain.	 Interestingly,	 in	many	

recent	NSC	and	MSC-based	publications	 functional	 improvement	was	used	as	 the	principal	

measure	to	evaluate	the	success	of	cell	transplantation,	while	the	fate	of	transplanted	cells	

remained	 largely	 unreported.	 In	 this	 review,	we	 first	 attempt	 to	 understand	why	 primary	

neural	cell	isolates	were	largely	substituted	for	NSCs	and	MSCs	in	cell	grafting	studies.	Next,	

we	 review	the	current	knowledge	on	 the	 immune	mechanisms	 involved	 in	 the	 recognition	

and	 rejection	 of	 allogeneic	 and	 xenogeneic	 cellular	 grafts	 in	 the	 CNS.	 Finally,	 we	 propose	

strategies	 to	 reduce	graft	 immunogenicity	and	 to	 improve	graft	 survival	 in	order	 to	design	

improved	cell-based	CNS	therapies.	

2.2	FROM	NEURAL	XENOTRANSPLANTATION	TO	ALLOTRANSPLANTATION	OF	NEURAL	AND	

MESENCHYMAL	STEM	CELLS	IN	THE	CNS	

Before	the	turn	of	the	century,	embryonic	neural	cells	and/or	dissociated	neural	tissue	were	

the	main	 sources	 of	 donor	material	 used	 in	 central	 nervous	 system	 (CNS)	 transplantation	

studies,	which	predominantly	focused	on	Parkinson’s	disease	and	Huntington’s	disease	[1-3].	

The	ethical	concerns	associated	with	the	use	of	human	embryos	and	their	limited	availability	

instigated	the	search	for	alternative,	xenogeneic	cell	sources.	Fetal	porcine	neural	cells	were	

found	highly	suitable	for	human	transplantation	for	various	reasons.	In	particular,	pigs	have	

large	litters,	their	brains	are	of	a	similar	size	to	the	human	brain	and	porcine	cells	are	easily	

amenable	 to	 genetic	 modification	 [4].	 Despite	 some	 initial	 successes,	 it	 however	 rapidly	

became	evident	that	immune-mediated	rejection	of	xenografts	would	represent	the	biggest	



CHAPTER	2	

30	

–if	not	unsurmountable–	hurdle	towards	achieving	successful	CNS	transplantation,	and	thus,	

neural	 cell	 replacement.	 Since	 then,	 several	 promising	 open-label	 clinical	 trials	 using	

allogeneic	neural	cells	were	performed,	although	clinical	benefit	failed	to	be	reproduced	in	

ensuing	 double-blinded	 trials	 [5,	 6].	 From	 1998	 to	 2000,	 Osiris	 Therapeutics	 presented	 a	

series	of	studies	suggesting	that	mesenchymal	stem	cells	(MSCs),	hematopoiesis-supporting	

stromal	 cells	 of	 the	 bone	 marrow,	 could	 act	 as	 immune	 regulators	 [7].	 Specifically,	 they	

found	 that	 human	 MSCs	 suppressed	 the	 proliferation	 of	 activated	 T	 cells	 and	 mixed	

lymphocyte	reactions	 in	a	major	histocompatibility	complex	 (MHC)-unrestricted,	allogeneic	

manner.	 This	 finding	 was	 considered	 a	 major	 breakthrough	 for	 the	 field	 of	 cell	

transplantation,	seeing	that	a	universal	allogeneic	MSC	preparation	could	potentially	be	used	

to	 treat	 a	multitude	 of	 (chronic)	 inflammatory	 conditions	 in	 patients.	 Preclinical	 evidence	

additionally	revealed	a	trophic	role	for	MSCs,	including	–but	not	limited	to–	the	stimulation	

of	angiogenesis,	neurogenesis	and	synaptogenesis,	as	well	as	the	reduction	of	apoptosis	[8].	

Of	 note,	 nearly	 all	 these	 features	 have	 also	 been	 described	 for	 neural	 stem	 cells	 (NSCs),	

making	 them	 equally	 interesting	 candidates	 for	 neuroprotection	 and	 neuroregeneration	

research	[9,	10].	The	immunomodulatory	and	trophic	stem	cell	properties	of	NSCs	and	MSCs,	

rather	 than	 the	 cells’	 multilineage	 differentiation	 capacity,	 greatly	 encouraged	 the	 use	 of	

stem	cells	 for	 the	 treatment	of	 a	wide	array	of	neuroinflammatory	 conditions	at	both	 the	

preclinical	and	clinical	levels	[11].	In	the	context	of	this	review	manuscript,	it	is	important	to	

note	that	the	immunomodulatory	properties	of	stem	cells	on	pathology-associated	immune	

responses,	 especially	 in	 case	 of	 allogeneic	 cell	 preparations,	 do	 not	 preclude	 graft	

recognition	 by	 the	 host’s	 immune	 system.	 Moreover,	 we	 previously	 demonstrated	 that	

different	 immunological	 processes	 are	 responsible	 for	 the	 recognition	 and	 rejection	 of	

allogeneic	 MSCs	 when	 administered	 via	 different	 routes	 [12].	 This	 review	 will	 exclusively	

focus	 on	 the	 immune	 mechanisms	 in	 play	 following	 direct	 intracerebral	 or	 intraspinal	

administration	 of	 allogeneic	 and	 xenogeneic	 cells.	 In	 many	 of	 the	 recently	 conducted	

preclinical	 intracerebral	 cell	 transplantation	 studies,	 functional	 improvement	 was	 used	 as	

the	principal	measure	to	evaluate	the	success	of	cell	transplantation,	whereas	survival	rate	

and	 immunogenicity	 of	 transplanted	 cells	 remained	 largely	 unreported	 [13,	 14].	 This	

observation	 is	 rather	 surprising	 seeing	 the	 prior	 knowledge	 on	 immune	 recognition	 of	

(primary	 neural)	 CNS	 cell	 grafts.	 Furthermore,	 although	 such	 cellular	 therapies	 have	 been	

deemed	 safe	 in	 patients,	 large	 placebo-controlled	 studies	 unfortunately	 have	 failed	 to	
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demonstrate	 therapeutic	 efficacy	 [7,	 11].	 It	 is	 thus	 plausible	 that	 the	 challenge	 to	

demonstrate	efficacy	 in	patients	 is	 (partly)	attributable	 to	an	 incomplete	understanding	of	

the	 fate	 of	 cellular	 grafts	 following	 transplantation.	 Accordingly,	 better	 insights	 into	 this	

matter	 would	 greatly	 facilitate	 the	 search	 for	 strategies	 to	 prolong	 cell	 graft	 persistence		

–and	thus,	its	therapeutic	window–	in	vivo.	

2.3	IMMUNE	RECOGNITION	OF	CELLULAR	GRAFTS	IN	THE	CNS	

Direct	 cellular	 grafting	 into	 the	 CNS	 is	 a	 process	 that	 never	 goes	 unnoticed	 by	 the	 host’s	

immune	system,	regardless	of	the	origin	of	the	transplanted	cells	[15,	16].	The	phylogenetic	

distance	between	cell	donor	and	recipient	however	does	determine	whether	or	not	a	graft	is	

rejected	and	how	vigorous	this	process	will	be	[17,	18].	In	this	context,	four	categories	of	cell	

grafts	 can	 be	 identified	 based	 on	 their	 degree	 of	 donor-recipient	 mismatch:	 discordant	

xenografts	 (between	 distantly	 related	 species;	 e.g.	 grafting	 of	 human/porcine	 cells	 into	

rodents	 or	 grafting	 of	 porcine	 cells	 into	 humans),	 concordant	 xenografts	 (between	 closely	

related	 species;	 e.g.	 grafting	 of	 rat	 cells	 into	 mice,	 or	 vice	 versa),	 allografts	 (between	

genetically	non-identical	individuals	of	the	same	species),	and	autografts	(donor	=	recipient).	

This	 latter	 category	 can	 further	be	extended	 to	 syngeneic	grafting,	 i.e.	 the	 transplantation	

between	genetically	 identical	 individuals	of	 the	same	species	 (e.g.	 inbred	rodent	strains	or	

identical	 twins).	 Immunity	 against	 discordant	 xenografts	 typically	 involves	 components	 of	

the	 innate	 immune	system	such	as	natural	antibodies,	complement,	natural	killer	 (NK)	and	

NKT	cells	as	well	as	T	cell	responses.	The	immune	recognition	of	concordant	xenografts	and	

allografts,	 however,	 is	 dominated	 by	 T	 lymphocytes	 and	macrophages/microglia	 [19,	 20].	

Immunological	events	associated	with	autograft	(or	syngeneic	graft)	transplantation,	i.e.	the	

induction	of	local	inflammation	and	recruitment	of	phagocytes	to	the	graft	site,	were	found	

to	rapidly	subside	and	may	even	promote	long-term	cell	graft	survival	in	the	CNS	[16,	17,	21-

23].	

2.3.1	The	brain	is	NOT	immunologically	privileged	

The	brain	 has	 long	been	 considered	 an	 immunologically	 privileged	 site	 for	 transplantation	

owing	 to	 its	 distinctive	 architecture:	 while	 the	 (presumed)	 absence	 of	 conventional	

lymphatics	was	thought	to	prevent	antigen	drainage	from	CNS	tissue	to	secondary	lymphoid	

organs,	the	presence	of	a	blood-brain	barrier	(BBB)	was	believed	to	block	immune	cell	entry	

into	 the	CNS.	Nevertheless,	 functional	 lymphatic	 vessels	 connecting	 the	meninges	 to	deep	
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cervical	lymph	nodes	were	recently	discovered,	and	activated	T	cells	–but	not	naive	T	cells	or	

antibodies–	can	readily	cross	the	BBB	in	search	of	their	cognate	antigen	[24,	25].	Evidently,	

both	afferent	and	efferent	arms	of	the	immune	response	to	brain	antigens	are	intact.	It	can	

however	be	appreciated	that	immune	recognition	of	cellular	grafts	in	the	CNS	is	differentially	

regulated	 than	 the	 recognition	of	cellular	grafts	 in	peripheral	non-neural	 tissue.	 In	healthy	

brain,	transforming	growth	factor	β	(TGFβ)	plays	a	critical	role	in	limiting	T	cell	trafficking	in	

the	 CNS.	 This	 constitutively	 produced	 cytokine	 downregulates	 the	 expression	 of	 adhesion	

molecules	 on	 endothelial	 cells	 of	 the	 BBB,	 thus	 minimizing	 leukocyte	 infiltration	 [26].	

Furthermore,	 TGFβ	 suppresses	 the	 proliferation	 of	 T	 lymphocytes	 that	 do	 enter	 the	 CNS,	

downregulates	MHC	 class	 II	 expression	 on	 parenchymal	 cells	 and	 limits	 the	 production	 of	

monocyte	chemoattractant	protein	1	(MCP1),	a	chemoattractant	for	monocytes/activated	T	

cells	 and	 an	 activator	 of	monocytes,	 by	 astrocytes	 [27-29].	 Upon	 CNS	 infection	 or	 injury,	

bacterial	lipopolysaccharide	(LPS)	and/or	pro-inflammatory	cytokines	such	as	tumor	necrosis	

factor	 (TNF)α,	 interferon	 (IFN)γ	 and	 interleukin	 (IL)1β	are	 capable	 to	oppose	 the	action	of	

TGFβ	 and	 enhance	 immune	 surveillance	 of	 the	 brain	 by	 dramatically	 increasing	 the	 BBB	

permeability	[26].	TNFα,	a	cytokine	not	present	 in	the	brain	under	steady-state	conditions,	

additionally	 promotes	 CNS-derived	 antigen	 drainage	 and	 significantly	 enhances	 MCP1	

production	by	astrocytes	[29,	30].	Moreover,	both	TNFα	and	IFNγ	were	found	to	upregulate	

MHC	expression	on	astrocytes	and	oligodendrocytes	[31,	32].	Inflammation-driven	activation	

of	 the	 BBB	 endothelium	 thus	 augments	 lymphocyte	 passage,	 whereas	 activation	 of	 brain	

parenchymal	 cells	 decreases	 the	 threshold	 required	 for	 subsequent	 immune	 recognition	

[33].	 Together,	 these	 data	 demonstrate	 that	 immunological	 surveillance	 of	 the	 CNS	 is	

exquisitely	 regulated	 and	 highly	malleable	 depending	 on	 the	 brain’s	 current	 inflammatory	

status.	

2.3.2	Early	inflammatory	responses	following	cell	grafting	in	the	CNS	

Having	been	our	laboratory’s	research	focus	for	many	years,	we	recently	proposed	a	model	

of	 the	 sequential	 cellular	 events	 taking	 place	 shortly	 after	 intracerebral	 transplantation	of	

syngeneic	mesenchymal	 cell	 grafts,	 reviewed	 in	 detail	 in	 Le	 Blon	 et	 al.	 [16].	 Since	 (MHC-

unrestricted)	 innate	 immune	 cells	 were	 found	 to	 dominate	 the	 early	 stages	 of	 cell	 graft	

recognition,	 this	model	 can	be	extrapolated	 to	allografts	 and	 concordant	 xenografts.	 Early	

discordant	xenograft	recognition,	however,	is	expected	to	be	more	complex	as	rapidly	acting	
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innate	components	are	protagonists	 in	 their	 immune	 recognition/rejection	process.	Owing	

to	 the	absence	of	existing	blood	vessels	 in	 cellular	grafts,	 the	core	of	a	 cell	 graft	becomes	

severely	 hypoxic	 as	 early	 as	 a	 few	 hours	 after	 transplantation	 [22,	 34].	 24h	 post-

transplantation,	hypoxia	and	nutrient	deprivation	–but	also	anoikis–	will	have	already	caused	

massive	cell	death	 in	the	core	of	the	cell	graft,	whereas	cells	near	the	graft-brain	 interface	

remain	viable	[22].	Hypoxia-	and	anoikis-induced	cell	death,	rather	than	subsequent	immune	

responses,	 is	 the	main	 cause	 of	 the	 low	 survival	 rate	 (i.e.	 typically	 <	 30%	of	 grafted	 cells)	

associated	with	 cell	 transplantation	 in	 the	brain,	 both	 for	MSC	 [22,	 35-37]	 and	NSC	 grafts	

[38,	 39].	 The	 danger	 signals	 released	 upon	 apoptosis/necrosis	 of	 the	 hypoxic	 cells	 in	 turn	

trigger	an	early	influx	of	neutrophils	within	the	first	24h	after	transplantation	[22].	By	day	3	

post	grafting,	phagocytic	neutrophils	have	cleared	most	of	 the	cell	debris	 in	 the	graft	core	

and	the	first	macrophages/microglia	have	been	recruited	to	the	graft	site.	This	time-point	is	

also	characterized	by	the	onset	of	neo-angiogenesis	and	astroglial	scarring	in	and	around	the	

graft,	respectively	[22,	35].	During	the	following	3-4	days,	a	growing	number	of	endothelial	

cells,	 microglia	 and	macrophages	 accumulate	 in/around	 the	 graft	 and	 reactive	 astrocytes	

increasingly	encapsulate	the	mesenchymal	cell	graft	[22,	36].	By	day	10,	all	graft-infiltrating	

neutrophils	have	undergone	apoptosis	and	a	dense	astrocytic	scar	separates	the	(stabilized)	

cell	graft	 from	the	surrounding	brain	 tissue	 [16].	Although	 initially	proposed	 for	 fibroblast-

like	mesenchymal	 cell	 grafts	 (i.e.	 embryonic	 fibroblasts	 and	mesenchymal	 stem	 cells),	 this	

model	 of	 early	 cellular	 events	 following	 transplantation	 also	 applies	 to	 other	 cell	 types,	

notwithstanding	minor	cell-specific	differences	[35,	38,	40].	

2.3.3	Microglia/macrophage	response	

Along	with	neutrophils,	CNS-resident	microglia	and	blood-borne	macrophages	are	 the	 first	

cells	 to	 be	 recruited	 to	 sites	 of	 CNS	 transplantation	 [17,	 40-42].	 Correspondingly,	 MCP1	

chemokine	 expression	 is	 rapidly	 upregulated	 in	 the	 brain	 following	 cell	 grafting	 or	 vehicle	

injection	 [43].	 Although	 microglia	 and	 macrophages	 display	 many	 functional	 similarities,	

both	 cell	 types	 are	 differentially	 distributed	 throughout	 fibroblast-like	 mesenchymal	 cell	

grafts:	 microglia	 are	 predominantly	 found	 in	 the	 graft	 border,	 whereas	 blood-derived	

macrophages	mainly	infiltrate	the	graft	site	[16,	21,	44,	45].	To	our	knowledge,	this	has	not	

yet	 been	 investigated	 in	 detail	 following	 grafting	 of	 NSCs.	 Nevertheless,	 this	may	 suggest	

that	both	cell	types	exert	distinct	functions	in	the	immune	recognition	and/or	remodeling	of	
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cellular	grafts,	although	further	investigation	is	needed	to	identify	their	respective	functions	

[16].	 In	 response	 to	 pro-inflammatory	 cytokines,	 microglia/macrophages	 undergo	 various	

functional	 changes:	 (i)	 enhanced	 phagocytic	 activity,	 (ii)	 production	 of	 nitric	 oxide	 and/or	

superoxide,	(iii)	enhanced	surface	expression	of	MHC	and	costimulatory	molecules,	and	(iv)	

production	 of	 regulatory	 molecules	 such	 as	 cytokines,	 chemokines,	 complement	

components	 and	 growth	 factors	 [46-48].	 Given	 their	 capacity	 for	 free	 radical	 production,	

phagocytosis	 and	 pro-inflammatory	 cytokine	 secretion	 (i.e.	 IL1β,	 TNFα	 and	 IL6),	

microglia/macrophages	 can	 induce	direct	 cell	 death	of	 transplanted	 cells,	while	binding	of	

complement	and/or	antibodies	 to	 foreign	material	enables	 these	phagocytes	 to	selectively	

target	 allogeneic	 and	 xenogeneic	 cells	 [18,	 40,	 48].	 Moreover,	 microglia/macrophages	

acquire	 superior	 antigen-presenting	 capacities	 upon	 activation,	 illustrated	 by	 the	

upregulation	of	MHC	and	costimulatory	molecules	such	as	CD80	and	CD86	[46].	It	is	however	

still	unclear	if	antigen-loaded	microglia/macrophages	are	capable	to	migrate	out	of	the	CNS	

to	 initiate	T	 cell	 responses	 in	 secondary	 lymphoid	organs,	or	whether	 these	cells’	 antigen-

presenting	function	is	mainly	restricted	to	the	reactivation	of	primed	T	cells	at	the	graft	site	

[49].	 In	 case	 of	 the	 latter,	 alternative	 ways	 must	 exist	 through	 which	 graft-associated	

antigens	are	drained	to	cervical	lymph	nodes,	such	as	antigen	uptake	by	dendritic	cells	[50,	

51].	 In	 a	 recent	 study	 by	 our	 laboratory,	 we	 demonstrated	 that	 the	 early	

recognition/rejection	 of	 allogeneic	 MSCs	 in	 the	 CNS	 was	 mediated	 by	

microglia/macrophages	 –but	 not	 T	 cells–	 whereas	 MSC	 allografts	 in	 non-neural	 tissue	

induced	the	activation	of	alloreactive	T	cells	[12].	In	addition	to	their	immune-initiating	role,	

the	presence	of	microglia/macrophages	at	sites	of	CNS	inflammation	may	also	promote	cell	

graft	 survival	 through	 the	 production	 of	 trophic	 factors.	 In	 this	 regard,	 host-derived	

microglia/macrophages	were	 found	 in	 close	 association	with	 ingrowing	 blood	 vessels	 and	

vascular	 sprouts,	 suggesting	 an	 active	 role	 for	 innate	 immune	 cells	 during	 graft	

neovascularization	[23].	Finally,	microglia/macrophages	are	key	players	in	the	prevention	of	

excessive	 neuroinflammation	 through	 the	 Fas/Fas	 ligand	 (FasL)	 regulatory	 axis	 [46,	 52].	 In	

healthy	 CNS,	 FasL-expressing	 microglia	 induce	 apoptosis	 of	 infiltrating	 Fas-expressing	 T	

lymphocytes,	 keeping	 the	 CNS	 trafficking	 of	 T	 cells	 consistently	 low.	 In	 inflamed	 CNS,	

microglia	 upregulate	 their	 surface	 expression	 of	 Fas,	 thereby	 increasing	 their	 own	

vulnerability	to	Fas/FasL	mediated	apoptosis	[46].	In	conclusion,	microglia	and	macrophages	
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are	protagonists	in	both	immune	recognition	as	well	as	in	the	remodeling	and	survival	of	CNS	

cell	grafts.		

Although	it	may	be	believed	that	microglia	follow	a	similar	pattern	of	pro-inflammatory	(M1)	

and	anti-inflammatory	 (M2)	polarization	as	macrophages,	 our	most	 recent	 transplantation	

data	demonstrate	that	this	is	a	clear	oversimplification.	Experiments	involving	intracerebral	

implantation	 of	 IL13-producing	 MSCs,	 towards	 M2	 polarization	 of	 MSC	 graft-associated	

microglia	and	macrophages	 (which	could	be	distinguished	 in	either	bone	marrow	chimeric	

mice	or	in	the	CX3CR1-eGFP	x	CCR2-RFP	transgenic	mouse	model),	clearly	demonstrated	that	

expression	 of	 typical	 M2	 markers	 –such	 as	 Arginase1,	 Ym1	 and	 FIZZ1–	 was	 specifically	

induced	in	MSC	graft-infiltrating	macrophages,	but	not	(or	to	a	 lesser	extent)	 in	MSC	graft-

recognizing	 microglia	 [44,	 45].	 This	 striking	 discrepancy	 in	 microglia	 versus	 macrophage	

behavior	 following	 in	 vivo	 stimulation	 with	 IL13	 was	 also	 apparent	 under	 pathological	

conditions	 [44,	 45]	 and/or	when	 alternative	methodologies	were	 applied	 for	 IL13	 delivery	

into	the	CNS	[53].	

2.3.4	T	lymphocyte	response	

Considerable	 experimental	 evidence	 points	 to	 the	 involvement	 of	 T	 lymphocytes	 in	 the	

rejection	 of	 allogeneic/xenogeneic	 neural	 –but	 not	 mesenchymal–	 cell	 grafts	 in	 the	 CNS:		

(i)	porcine	embryonic	brain	 cells	 induce	an	 in	 vitro	 proliferative	 response	 in	human	T	 cells	

[54],	 (ii)	graft-infiltrating	CD4+	and	CD8+	T	 lymphocytes	are	 found	 in	 rejecting	and	 recently	

rejected	 grafts	 whereas	 long-term	 surviving	 grafts	 are	 (nearly)	 devoid	 of	 T	 cells	 [41,	 55],		

(iii)	 improved	xenograft	survival	 in	animals	 treated	with	T	cell	depleting	antibodies	or	with	

immunosuppressive	drugs	known	to	suppress	T	cell	function	[56-58],	(iv)	indefinite	xenograft	

survival	in	nude	athymic	rodents	[59],	and	(v)	the	blockade	of	T	cell	costimulatory	pathways	

prevents	discordant	xenograft	rejection	in	mice	[60].	Following	their	activation	in	secondary	

lymphoid	organs,	T	 lymphocytes	cross	 the	BBB	and	graft-specific	T	cells	accumulate	at	 the	

graft	site,	whereas	non-specific	T	cells	were	found	to	exit	the	brain	within	48	hours	of	CNS	

entry	 [25].	 Under	 normal	 conditions,	 the	 immune	 response	 to	 neural	 grafts	 resembles	 a	

delayed-type	 hypersensitivity	 reaction	 of	which	 Th1	 CD4+	 T	 lymphocytes	 are	 the	 principal	

mediators.	This	 is	 reflected	by	the	preferential	 recruitment	of	CD4+	T	cells	 to	the	graft	site	

and	a	coinciding	accumulation	of	Th1	cytokine-encoding	transcripts	(i.e.	IL2	and	IFNγ)	in	the	

CNS	[18,	43,	61,	62].	Furthermore,	neural	xenograft	survival	could	be	dramatically	prolonged	
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following	CD4+	–but	not	CD8+–	T	lymphocyte	depletion	[56,	63].	In	immunoglobulin	deficient	

mice,	an	increased	contribution	of	cytotoxic	CD8+	T	cells	to	xenograft	rejection	was	observed	

[62].	 It	 can	 thus	 be	 speculated	 that	 CD8+	 T	 cell-mediated	 rejection	 mainly	 serves	 as	 a	

redundancy	 mechanism,	 which	 becomes	 increasingly	 important	 when	 preceding	

immunological	 events	 fail	 to	 mediate	 graft	 rejection.	 The	 prolonged	 survival	 of	 neural	

xenografts	 in	 CD1d1	 knockout	mice	 additionally	 demonstrates	 a	 role	 for	 NKT	 cells	 in	 CNS	

graft	recognition/rejection	[64].	In	striking	contrast	with	their	dominant	role	in	neural	graft	

recognition,	 the	 contribution	 of	 T	 cells	 to	 the	 immunological	 rejection	 of	 allogeneic	 and	

xenogeneic	mesenchymal	 cell	 grafts	 in	 the	CNS	 seems	negligible.	 This	 is	 evidenced	by	 the	

absence	of	reactive	T	lymphocytes	in	the	periphery	as	well	as	limited	mesenchymal	cell	graft	

infiltration	 by	 T	 cells	 [12,	 42].	 Moreover,	 treatment	 of	 MSC	 allograft	 recipients	 with	

cyclosporin	A,	a	commonly	used	T	cell	 immunosuppressant,	did	not	prevent	rapid	cell	graft	

rejection	[65].	Jointly,	these	studies	demonstrate	that	microglia/macrophages,	rather	than	T	

cells,	are	the	principal	mediators	of	MSC	immune	recognition/rejection	in	the	CNS,	while	the	

rejection	mechanism	of	neural	allografts	and	xenografts	seems	to	be	highly	T	cell	dependent.	

Although	our	own	data	support	this	hypothesis,	i.e.	the	absence	of	T	cell	responses	following	

MSC	 transplantation	 in	mouse	 brain,	 xenogeneic	 (human)	MSCs	 grafted	 in	 rat	 spinal	 cord	

were	unable	 to	 survive	without	 the	T	 cell	 immune	 suppressor	 cyclosporin	A	 [66].	 Species-

specific	 and/or	 graft	 site-specific	 differences	 in	 immune	 responses	 should	 thus	 also	 be	

considered	in	future	analyses.	

2.3.5	Antibody-mediated	response	

While	intracerebral	cell	graft	recognition	seems	to	be	predominantly	mediated	by	microglia,	

macrophages	and	T	cells,	host	humoral	 responses	should	not	be	overlooked.	Although	the	

intact	 BBB	 is	 impermeable	 to	 antibodies,	 the	 transplantation	 procedure	 temporarily	

compromises	its	integrity	(i.e.	about	7-12	days	for	cellular	grafts)	[67,	68].	Correspondingly,	

antibodies	 were	 found	 to	 play	 an	 initiating	 role	 in	 porcine	 neurograft	 rejection	 [62].	

Discordant	 xenografts	 express	 highly	 immunogenic	 epitopes,	 e.g.	 the	 α-1,3-galactosyl	

transferase	 enzyme	 on	 porcine	 cells,	 which	 are	 recognized	 by	 preformed	 IgM	 and	 IgG	

antibodies.	Following	cellular	transplantation,	xenogeneic	epitopes	rapidly	become	a	target	

for	these	natural	antibodies	that	are	already	present	in	the	serum	without	the	need	for	prior	

exposure	[62,	69,	70].	Microglia/macrophage-mediated	phagocytosis	(opsonization),	NK-	and	
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microglia/macrophage-mediated	 antibody-dependent	 cellular	 cytotoxicity,	 and	 antibody-

dependent	complement	activation	are	three	putative	mechanisms	through	which	antibodies	

are	 believed	 to	 contribute	 to	 xenogeneic	 graft	 rejection	 [62,	 70-74].	 Upon	 CNS	 grafting,	

allogeneic	cell	grafts	 induce	humoral	responses	and	complement	activation	[67,	72,	75].	 In	

contrast	to	natural	antibodies,	no	circulating	levels	of	alloreactive	antibodies	are	present	at	

the	time	of	transplantation	[67,	75].	Discordant	xenografts	too	elicit	graft-specific	antibody	

responses	 following	 CNS	 transplantation,	 characterized	 by	 a	 delayed	 appearance	 of	

xenoreactive	 IgG1	 and	 IgG2a	 antibodies	 and	 an	 accumulation	 of	 Th2	 cytokine-encoding	

transcripts	 in	 the	 brain	 [18,	 61,	 73].	 Even	 so,	 the	 functional	 role	 of	 these	 allospecific	 and	

xenospecific	antibodies	remains	elusive,	as	BBB	integrity	is	restored	before	their	appearance	

and	as	 the	presence	of	antibodies	does	not	seem	to	correlate	with	graft	 rejection	 [67,	68,	

75].	

2.3.6	Graft	recognition	in	humans	

Despite	the	multitude	of	immune	recognition	mechanisms	in	play,	interference	with	a	single	

pathway	 (e.g.	CD4+	 lymphocyte	depletion	or	 immunoglobulin	deficiency)	 is	often	sufficient	

to	 achieve	 excellent	 cell	 graft	 survival	 in	 rodents	 [57,	 62].	 In	 contrast,	 protocols	

encompassing	 multiple	 immunosuppressive	 drugs	 are	 inadequate	 to	 prolong	 cell	 graft	

survival	to	a	similar	extent	in	humans.	Contrary	to	animal	studies,	which	routinely	use	young	

nulliparous	 recipients,	patients	may	previously	have	been	presensitized	 to	allogeneic	MHC	

molecules	 through	 prior	 transplantation,	 blood	 transfusion	 or	 pregnancy.	 Despite	 the	

exceptional	 human	 leukocyte	 antigen	 polymorphism,	 the	 high	 frequency	 of	 a	 few	 alleles	

significantly	increases	the	odds	of	presensitized	patients	harboring	memory	cells	specific	for	

random	cell	donors	[48].	At	the	time	of	the	first	clinical	studies,	fetal	neural	allografts	were	

considered	 minimally	 immunogenic	 in	 humans,	 circumventing	 the	 need	 for	 (long-term)	

immunosuppression	[76].	More	than	15	years	later,	Krystkowiak	and	colleagues	documented	

the	first	case	of	allograft	rejection	in	a	patient	transplanted	with	fetal	neural	cells	[75].	In	the	

same	study,	several	other	patients	had	developed	signs	of	donor	alloimmunization	without	

displaying	 overt	 signs	 of	 clinical	 or	 radiological	 rejection.	 In	 contrast,	 Li	 et	 al.	 found	 no	

evidence	of	an	ongoing	immune/inflammatory	response	in	a	patient	grafted	with	allogeneic	

embryonic	 neurons	 despite	 prior	 termination	 of	 immunosuppression	 [77].	 This	 high	

interpatient	variability	could	result	from	varying	degrees	of	donor-recipient	MHC	mismatch	
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among	the	patients,	a	factor	found	to	strongly	correlate	with	the	magnitude	of	the	elicited	

alloresponse	in	rhesus	macaques	[78].	Clearly,	additional	studies	are	required	to	validate	this	

hypothesis	 and	 establish	 why	 cellular	 grafts	 cause	 alloimmunization	 –with	 or	 without	

subsequent	rejection–	in	some	patients	but	not	in	others.	Aside	from	graft	rejection,	tumor	

formation	 is	 another	 important	 complication	 of	 (stem)	 cell	 grafting,	 particularly	 in	

immunosuppressed	 subjects	 [79].	Although	both	neural	 and	mesenchymal	 cell	 grafts	 have	

already	 shown	 promising	 results	 in	 small	 patient	 cohorts,	 larger-scale	 placebo-controlled	

studies	are	warranted	to	identify	the	key	challenges	associated	with	human	CNS	cell	grafting.	

2.4	STRATEGIES	PROMOTING	CELL	GRAFT	SURVIVAL	IN	THE	CNS	

In	order	to	maximize	the	therapeutic	capacity	of	cellular	grafts,	several	different	strategies	

can	 be	 applied	 to	 overcome	 (or	 minimize)	 immunological	 rejection	 of	 the	 grafted	 cells.	

Pharmacological	 suppression	 of	 the	 host	 immune	 system	 is	 the	 most	 commonly	 used	

method,	with	a	multitude	of	immunosuppressants	already	having	been	approved	for	human	

use	[80].	Similarly,	antibody-mediated	depletion	of	specific	immune	components,	such	as	T	

cells	or	complement	factors,	may	also	prolong	graft	persistence	[80].	Both	these	strategies	

rely	 on	 the	 modulation	 of	 host	 immunity,	 leaving	 the	 host	 vulnerable	 to	 infections.	

Alternatively,	cell	graft	persistence	can	be	enhanced	by	modification	of	the	cell	graft	 itself.	

To	this	end,	cells	are	genetically	engineered	to	produce	survival-promoting	factors,	such	as	

immunomodulatory	cytokines	or	proteins	capable	of	inducing	immune	cell	apoptosis	[12,	81,	

82].	 In	 this	 context,	we	have	 recently	 shown	 that	 interleukin-13-expressing	MSC	allografts	

survived	longer	than	unmodified	MSC	allografts	in	both	muscle	and	brain	tissue	[12].	Instead	

of	 relying	 on	 the	 modification	 of	 the	 host	 or	 the	 cells	 to	 promote	 in	 vivo	 graft	 survival,	

transplanted	 cells	 can	also	be	 shielded	 from	host	 immune	cells	 through	 the	presence	of	 a	

physical	barrier	 [83].	Encapsulation	of	a	cellular	 transplant	 isolates	 the	graft	 from	the	host	

using	 a	 selectively	 permeable	 barrier,	 which	 allows	 the	 bidirectional	 diffusion	 of	 small	

molecules	 (e.g.	 ions,	 oxygen,	 carbon	 dioxide,	 growth	 factors,	 cellular	 waste	 products	 and	

therapeutic	molecules	secreted	by	the	grafted	cells)	while	preventing	the	traffic	of	cells	and	

large	molecules	 (e.g.	 immune	 cells,	 antibodies	 and	 complement).	 Since	 the	 presence	 of	 a	

cell-impermeable	 barrier	 also	 precludes	 neo-angiogenesis	 in	 the	 graft,	 co-grafting	 (or	 co-

encapsulation)	of	oxygen-releasing	biomaterials	may	be	recommended	[84].	
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Figure	 2.1:	 Immune	 recognition	 of	 allogeneic	 and	 xenogeneic	 cell	 grafts	 following	 cell	 grafting	 in	 rodent	

brain.	 As	 a	 result	 of	 the	 transplantation	 procedure,	 blood-brain	 barrier	 (BBB)	 integrity	 is	 immediately	

compromised	 (1).	 In	 response	 to	 the	 ensuing	 tissue	 insult	 and	 to	 hypoxia	 and	 anoikis-induced	 apoptosis	 or	

necrosis	 of	 the	 cell	 graft	 core	 (2),	 neutrophils,	 complement	 elements	 and	 natural	 antibodies	 are	 rapidly	

recruited	 to	 the	 graft	 site	 between	6	 and	24	hours	 post	 grafting	 (3).	 Local	 BBB	permeability	may	 further	 be	

enhanced	 for	 several	 days	 (exact	 timing	 unknown)	 as	 a	 result	 of	 the	 increasingly	 pro-inflammatory	

environment	(4).	From	day	3	post	grafting	onwards,	blood-borne	macrophages	and	brain-resident	microglia…		
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(figure	 legend,	 continued)	 accumulate,	 respectively,	 in	 and	around	 the	graft	 site	 (5).	Between	days	3	and	14	

post	grafting	(or	until	removal	of	all	antigens),	cellular	debris	is	processed	by	brain-resident	antigen-presenting	

cells	 that	 migrate	 towards	 the	 lymph	 nodes	 and/or	 drain	 to	 the	 cervical	 lymph	 nodes	 (6)	 where	 they	 are	

processed	 by	 host	 dendritic	 cells.	 In	 the	 lymph	 node,	 naive	 allograft/xenograft-specific	 T	 and	 B	 cells	 are	

activated	and	proliferate	as	early	as	a	few	days	post	grafting	(7).	From	one	to	two	weeks	post	grafting	onwards,	

graft-specific	effector	T	cells	(8)	and	alloreactive/xenoreactive	antibodies	(9)	may	accumulate	at	the	graft	site.	

2.5	THE	FUTURE	OF	ALLOTRANSPLANTATION	AND	XENOTRANSPLANTATION	IN	THE	CNS	

Thirty	 years	 following	 the	 first	 allotransplantation	 and	 xenotransplantation	 studies	 in	

rodents	 and	 humans,	 it	 is	 clear	 that	 many	 open	 questions	 remain	 regarding	 the	

immunological	processes	involved	in	cell	graft	recognition	and,	more	importantly,	the	clinical	

benefit	 of	 (allogeneic	 and	 xenogeneic)	 cellular	 therapies.	 The	 lack	 of	 scientific	 support	 for	

the	 latter	 may	 not	 be	 so	 unexpected	 as	 cell	 integration/replacement	 strategies	 for	 CNS	

therapy	 have	 been	 approached	with	 oversimplified	 (or	 even	 naive)	 thoughts	 that	 are	 not	

supported	 by	 current	 knowledge	 in	 developmental	 biology	 and	 regeneration.	 Therefore,	

future	 clinical	 attempts	 should	 take	 into	 account	 the	 multitude	 of	 immunological	

mechanisms	 that	 may	 interfere	 with	 graft	 survival	 and	 differentiation	 (figure	 2.1).	

Furthermore,	 novel	 strategies	 will	 need	 to	 achieve	 nutrient	 support	 and	 avoid	 anoikis	 in	

order	to	create	a	permissive	environment	for	cell	graft	survival	and,	ultimately,	integration.	

Clearly,	NSC	and	MSC	therapy	are	applied	with	very	different	end	goals:	whereas	functional	

cell	 integration	is	envisioned	following	NSC	transplantation,	MSC	therapy	aims	at	achieving	

sustained	 local	 cell	 survival	 in	 order	 to	 allow	 long-term	 therapeutic	 factor	 production.	

Alternatively,	inflammation-induced	repair	mechanisms	–rather	than	cell	survival	itself–	may	

be	responsible	for	(part	of)	the	beneficial	effects	seen	following	cellular	grafting	in	the	CNS	

[16,	22].	This	hypothesis	is	supported	by	the	demonstration	that	cell	grafting	can	exert	long-

term	 therapeutic	 benefit	 even	 though	 just	 a	 fraction	of	 grafted	 cells	 persists	 in	 time	 [85].	

Future	preclinical	and	clinical	studies	will	therefore	have	to	reveal	which	of	these	hypotheses	

is	backed	by	scientific	and	clinical	proof.	Once	this	has	been	established,	we	believe	that	the	

field	 of	 allogeneic	 cell	 grafting	 in	 the	 CNS	 will	 revive	 and	 ultimately	 lead	 to	 clinical	 cell	

therapy	successes	for	CNS	disorders.	 	
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3.1	INTRODUCTION	

Since	their	initial	characterization	by	Friedenstein	[1],	mesenchymal	stem	cells	(MSCs)	have	

been	 the	 subject	of	 intensive	 research	 in	 the	 field	of	 regenerative	medicine.	Although	 the	

proposed	 therapeutic	applications	of	MSCs	are	numerous,	 three	distinct	categories	can	be	

identified	 based	 on	 the	 cells’	 presumed	 mode	 of	 action:	 direct	 cell	 replacement	 [2-6],	

immunomodulation	 [7-14],	 and	 trophic	 stimulation	 of	 endogenous	 regeneration	 by	

(genetically	modified)	MSC	grafts	[14-19].	MSCs	can	thus	be	adopted	as	versatile	cell-based	

delivery	 vehicles	 for	 therapeutic	 proteins	 in	 a	 wide	 range	 of	 conditions,	 extending	 from	

hematological	 [13,	20,	21]	and	cardiovascular	 [4,	22]	disorders	 to	autoimmune	 [5,	23]	and	

central	 nervous	 system	 (CNS)	 [7,	 14-16]	 pathologies.	 Although	 both	 autologous	 and	

allogeneic	MSCs	have	been	translated	into	the	clinic	 [12,	13,	24,	25],	the	prospect	of	using	

universal	 donor	 MSCs	 provides	 the	 most	 attractive	 alternative,	 as	 ‘off-the-shelf’	 cell	

preparations	could	be	readily	available	for	 instant	therapeutic	 intervention	following	acute	

injury.	 In	 addition,	 autologous	 patient-derived	 cells	 may	 be	 compromised	 due	 to	 age	 or	

disease	 [5,	 26].	 Moreover,	 the	 use	 of	 allogeneic	 cells	 enables	 the	 careful	 selection	 of	

(genetically	engineered)	cell	populations	displaying	maximal	effectiveness	(i.e.	regenerative	

capacity	[27])	and	minimal	adverse	effects	(i.e.	tumorigenicity	[17]).	

Even	 though	 it	 is	 widely	 accepted	 that	 MSCs	 display	 a	 range	 of	 immunosuppressive	

properties	in	vitro	[28-30],	the	in	vivo	immune	privileged	status	of	MSCs	remains	a	matter	of	

controversy	 [25].	 Over	 the	 years,	 scientists	 have	 often	 regarded	 the	 long-term	 clinical	

benefit	 of	 allogeneic	 or	 xenogeneic	 MSC	 transplantation	 as	 evidence	 of	 their	 immune	

privileged	 character,	 an	 assumption	 only	 occasionally	 supported	 by	 experiments	 exploring	

the	fate	or	in	vivo	immunogenicity	of	the	transplanted	cells	[2-5,	10,	11,	13,	31].	In	order	to	

safely	and	effectively	apply	MSC	therapy	in	disease,	it	is	however	of	the	utmost	importance	

to	establish	a	clear	relationship	between	the	in	vivo	fate	of	grafted	MSCs	and	the	observed	

clinical	 response	 [32].	 Biodistribution	 of	 the	 grafted	 MSCs	 is	 a	 first	 factor	 to	 consider	

following	 in	vivo	 cell	administration.	After	 intravenous	administration	of	MSCs,	only	a	very	

small	 percentage	 of	 the	 infused	 MSCs	 (usually	 <1%)	 reach	 the	 target	 tissue	 due	 to	 cell	

retention	 in	the	 lungs,	 liver	and	spleen	 [22,	33-35].	Following	their	entrapment,	embolized	

MSCs	 release	 paracrine	 factors	 such	 as	 TSG-6	 which	 induce	 a	 general	 state	 of	 immune	

hyporesponsiveness,	 resulting	 in	 an	 improved	 therapeutic	 outcome	 in	 inflammation-
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associated	diseases	[22,	36,	37].	However,	injuries	at	more	distant	locations	in	the	body	do	

not	 always	 respond	 equally	 well	 to	 this	 approach	 [35,	 38].	 In	 these	 instances,	 direct	 cell	

grafting	 into	(injured)	tissue	might	have	a	more	pronounced	therapeutic	benefit.	MSCs	are	

known	producers	of	immunomodulatory	(e.g.	IL6,	IL10,	PGE2	and	IDO	[9]),	neurotrophic	(e.g.	

BDNF	 and	 NGF	 [39])	 and	 angiogenic	 factors	 (e.g.	 VEGF	 [40]).	 For	 this	 reason,	 their	

therapeutic	application	following	neurotrauma	(e.g.	stroke	and	traumatic	brain/spinal	cord	

injury	[39,	41])	and	peripheral	vascular	disease	(i.e.	ischemia	[40])	can	readily	be	appreciated	

upon	 intracerebral	 or	 intramuscular	 application,	 respectively.	 Immunogenicity	 is	 another	

important	determinant	of	cell	fate,	especially	when	allogeneic	cells	are	used.	It	is	imperative	

to	 investigate	whether	allogeneic	MSCs	have	 the	capacity	 to	survive	 immunologically	 for	a	

sufficiently	long	period	of	time	in	order	to	be	of	clinical	relevance.	Eliopoulos	and	colleagues	

[42]	were	among	the	first	to	investigate	this,	describing	the	presence	of	alloantigen-reactive	

CD8+	T	cells,	natural	killer	 (NK)	T	cells	and	NK	cells	 following	MSC	transplantation	 in	major	

histocompatibility	 complex	 (MHC)-mismatched	 mice.	 They	 also	 found	 evidence	 of	

immunological	 memory	 against	 allografts	 as	 repeated	 MSC	 transplantations	 resulted	 in	

accelerated	 graft	 rejection.	 Several	 reports,	 including	 our	 own	 work,	 have	 validated	

Eliopoulos’	 findings,	additionally	describing	robust	myeloid	cell	 infiltration	of	allografts	and	

the	 induction	 of	 allograft-specific	 antibody	 responses	 [33,	 43-45].	 In	 the	 first	 part	 of	 this	

study,	we	further	elaborated	on	the	immunosuppressive	capacities	of	MSCs	in	vitro	versus	in	

vivo	 in	 an	 effort	 to	 unify	 conflicting	 literature	 reports.	 Although	 we	 confirmed	 the	

immunomodulatory	 capacity	 of	 allogeneic	MSCs	 on	 dendritic	 cells	 (DCs)	 using	 standard	 in	

vitro	 co-culture	 experiments,	 MSC	 grafts	 were	 rapidly	 rejected	 upon	 intravenous	 (IV),	

intramuscular	 (IM)	or	 intracerebral	 (IC)	 transplantation	 into	allogeneic	hosts.	 Furthermore,	

we	 found	 that	 MSC-mediated	 suppression	 is	 cell	 contact-dependent,	 as	 MSC-primed	 DCs	

became	highly	immunostimulatory	upon	MSC	withdrawal.	

Interleukin-13	 (IL13)	 is	 a	 pleiotropic	 cytokine	 closely	 related	 to	 interleukin-4	 (IL4)	 both	 in	

structure	and	in	function	[46].	These	canonical	cytokines	play	overlapping	as	well	as	distinct	

roles	during	type	2	immunity	and	both	factors	have	been	found	to	contribute	to	the	etiology	

of	allergic	 reactions.	Despite	 their	similar	biological	activities,	 IL4	signaling	 in	T	helper	cells	

promotes	Th2	differentiation,	whereas	T	cells	are	generally	unresponsive	to	IL13	due	to	the	

absence	 of	 IL13Rα1	 expression	 on	 their	 surface	 [47].	 In	 the	 second	part	 of	 this	 study,	we	
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genetically	 modified	 allogeneic	 MSCs	 with	 the	 murine	 IL13-encoding	 gene	 as	 a	 potential	

strategy	 to	 modulate	 allograft-specific	 immunity	 and	 extend	 in	 vivo	 cell	 graft	 survival	

following	 IM	and/or	 IC	transplantation.	We	focused	specifically	on	 IL13	as	no	evidence	has	

been	found	to	date	that	this	cytokine	promotes	T	cell	stimulation	or	proliferation	upon	direct	

exposure,	 in	contrast	 to	 IL4	 [48],	hence	 limiting	the	risk	of	 inducing	allergic	side	effects.	 In	

this	 study,	 we	 were	 able	 to	 demonstrate	 that	 local	 secretion	 of	 IL13	 induced	 the	 M2a	

alternative	activation	state	in	graft-infiltrating	macrophages	(and	microglia)	and	limited	the	

induction	 of	 alloreactive	 CD8+	 T	 cells.	 As	 a	 result,	 IL13-mediated	modulation	 resulted	 in	 a	

prolongation	 of	 allogeneic	 cell	 graft	 survival	 in	 both	 muscle	 and	 brain	 tissue	 of	 immune	

competent	mice.	

3.2	MATERIALS	AND	METHODS	

3.2.1	Mice	

C57BL/6,	 FVB	 and	 BALB/c	 mice	 were	 purchased	 from	 Charles	 River.	 Albino	 C57BL/6,		

C57BL/6	 IL6-/-	 and	 FVB	 ROSA26-L-S-L-Luciferase	 mice	 were	 purchased	 from	 Jackson	

Laboratories.	All	mice,	including	(C57BL/6×FVB)	F1	hybrids,	were	bred	in	the	animal	facility	of	

the	 University	 of	 Antwerp.	 All	 experimental	 procedures	 were	 approved	 by	 the	 ethical	

committee	for	animal	experimentation	at	the	University	of	Antwerp	(approval	nos.	2011/13	

and	2012/39).	

3.2.2	Isolation,	genetic	engineering	and	characterization	of	MSC	cultures	

FVB,	ROSA26-L-S-L-Luciferase	and	BALB/c	mouse	bone	marrow-derived	MSC	cultures	were	

isolated	and	cultured	as	previously	described	by	Bergwerf	et	al.	[49].	The	following	lentiviral	

vectors	 (LVs)	 were	 used	 for	 MSC	 transduction:	 pCHMWS-eGFP-T2A-fLuc	 [50],	 pCHMWS-

eGFP-IRES-Pac	 [49]	 and	 pCHMWS-mIL13-IRES-Pac.	 LV	 production	 was	 outsourced	 to	 the	

Leuven	viral	vector	core	(Molmed,	KULeuven,	Belgium)	[51,	52].	Following	LV	transduction,	

Pac-expressing	 MSCs	 were	 selected	 with	 puromycin	 (10	 µg/ml;	 InvivoGen).	 For	 cells	

transduced	 with	 the	 pCHMWS-eGFP-T2A-fLuc	 LV,	 a	 clonal	 line	 was	 obtained	 by	 limiting	

dilution	and	selected	based	on	eGFP	expression	and	firefly	luciferase	activity	[49].	Expression	

of	eGFP,	luciferase	and/or	IL13	was	evaluated	by,	respectively,	flow	cytometry	using	GelRed	

(Biotium)	 for	 dead	 cell	 exclusion	 (Epics	 XL-MCL;	 Beckman	 Coulter),	 in	 vitro	 luminometry	

(BrightGlo;	 Promega)	 and	 murine	 IL13	 ELISA	 (Peprotech).	 A	 detailed	 immunophenotypic	
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analysis,	 including	the	expression	of	MSC	lineage-specific	markers	(CD29,	CD44,	CD106	and	

Sca-1)	as	well	as	endothelial	and	hematopoietic	(CD31	and	CD45)	markers,	of	all	MSC	lines	

used	in	this	study	is	provided	in	supplementary	figure	S3.1.	

3.2.3	Cell	implantation	experiments	

All	 surgical	 interventions	 were	 performed	 according	 to	 previously	 established	 procedures	

[45,	53].	For	 IC	cell	 injection,	mice	were	anesthetized	with	a	ketamine	(80	mg/kg,	Pfizer)	+	

xylazine	 (16	 mg/kg,	 Bayer	 Health	 care)	 mixture	 in	 0.9%	 NaCl	 (Baxter)	 and	 placed	 in	 a	

stereotactic	frame	(Stoelting).	7.5×104	MSCs	(in	2	μL	PBS)	were	reproducibly	targeted	to	the	

right	hemisphere,	2.25	mm	dextra	and	3.00	mm	ventral	from	bregma.	For	IM	cell	injection,	

mice	were	anesthetized	in	an	induction	chamber	using	an	isoflurane	(2.5%)	(Forene,	Abbott)	

+	N2O	(1	L/min)	+	O2	(0.5	L/min)	gas	mixture,	and	5×105	MSCs	or	3×105	DCs	(in	100	μl	PBS)	

were	 injected	 in	 the	 right	 (or	 left)	 pelvic	 limb	 muscle.	 For	 IV	 cell	 injection,	 mice	 were	

anesthetized	using	isoflurane	(2.5%	+	1	L/min	N2O	+	0.5	L/min	O2)	and	7.5×104	MSCs	(in	100	

µl	PBS)	were	administered	via	the	tail	vein.		

3.2.4	In	vivo	bioluminescence	imaging	(BLI)	

At	different	time	points	between	day	1	and	day	17	after	cell	implantation,	(albino)	C57BL/6	

mice	were	analyzed	by	real-time	in	vivo	BLI	to	determine	the	presence	of	viable	cell	implants	

and	 their	 biodistribution.	 Mice	 were	 anesthetized	 using	 a	 mixture	 of	 isoflurane	 (Forene,	

Abbott;	 2.5%	 induction	 and	 2%	maintenance)	 and	 oxygen.	One	minute	 after	 IV	 D-luciferin	

administration	 (150	mg/kg	 in	 PBS;	 Promega),	mice	were	 imaged	 using	 a	 real-time	 Photon	

Imager	(Biospace	Lab)	or	an	IVIS	Spectrum	imaging	system	(Caliper	Life	Sciences).	Data	were	

acquired	and	analyzed	with	M3Vision	(Biospace	Lab)	or	Living	Image	(Caliper)	software.		

3.2.5	Functional	analysis	of	splenic	DCs	

Spleens	 were	 digested	 with	 collagenase	 type	 III	 (Worthington	 Biochemicals),	 further	

dissociated	 in	 Ca2+-free	 medium,	 and	 separated	 into	 high	 and	 low	 density	 fractions	 on	 a	

Nycodenz	gradient	(Nycomed).	Low	density	cells	were	retrieved	from	the	interphase	and	DCs	

were	 enriched	 by	 magnetic	 separation	 with	 CD11c	 MicroBeads	 (Miltenyi	 Biotec).	 For	 all	

isolations,	 >90%	 DC	 purity	 was	 achieved,	 as	 determined	 by	 antibody	 staining	 with	

phycoerythrin	(PE)-labeled	anti-mouse	CD11c	(eBioscience,	12-0114)	and	measurement	with	

an	Epics	XL-MCL	analytical	flow	cytometer	(Beckman	Coulter).	Following	isolation,	DCs	were	
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either	cultured	alone	or	brought	in	co-culture	with	FVB	MSCs	or	FVB	MSCs-IL13	(ratio	2:1	or	

5:1	 for	 ELISA	or	DC	 vaccination	experiments,	 respectively).	 For	 subsequent	 ELISA,	1	µg/ml	

lipopolysaccharide	(LPS;	InvivoGen)	+	500	U/ml	interferon-γ	(IFNγ;	ImmunoTools)	was	added	

to	 the	cell	 cultures	and	supernatants	were	harvested	24	hours	 later.	MSC-DC	supernatants	

were	tested	 for	 the	presence	of	various	cytokines	using	the	 following	murine	ELISAs:	TNFα	

(BioLegend),	IL4	(Peprotech),	IL6	(BioLegend),	IL10	(eBioscience)	and	IL13	(Peprotech).	For	DC	

vaccination	 experiments,	 cell	 cultures	 were	 supplemented	 with	 20	 ng/ml	 GM-CSF	

(ImmunoTools).	Following	48	hours	of	(co-)culture,	DCs	were	harvested	and	resuspended	at	

a	concentration	of	3×105	cells	/	100	µl	PBS	for	IM	vaccination	in	C57BL/6	mice.	

3.2.6	Detection	of	alloantigen-specific	T	cell	responses		

Two	 weeks	 after	 MSC	 grafting	 or	 DC	 vaccination,	 spleens	 were	 surgically	 removed	 and	

dissociated	over	a	70	µm	nylon	mesh.	After	density-based	centrifugation	(Ficoll-Paque	Plus;	

GE	 Healthcare),	 T	 cells	 were	 enriched	 by	 magnetic	 separation	 with	 mouse	 CD4,	 CD8a	 or	

CD90.2	 MicroBeads	 (Miltenyi	 Biotec).	 Isolated	 T	 cell	 populations	 were	 seeded	 in	 96-well	

round-bottom	or	ELISpot	plates	under	the	following	conditions:	(i)	no	stimulation,	(ii)	general	

stimulation:	 phorbol	 12-myristate	 13-acetate	 (PMA)	 (50	 ng/ml,	 Sigma)	 +	 ionomycin	 (500	

ng/ml,	Sigma),	and	(iii)	antigen-specific	stimulation:	MSCs	(ratio	10:1)	or	DCs	(ratio	10:1).	

For	subsequent	flow	cytometric	analysis,	CD90.2+	cells	were	stimulated	for	4	hours	at	37°C	in	

the	presence	of	monensin	(0.67	µl/ml	GolgiStop;	BD	Biosciences),	and	intracellular	cytokine	

staining	was	performed	on	the	cells	using	the	antibodies	 listed	 in	table	3.1.	T	cell	cytokine	

production	 was	 measured	 on	 a	 FACSAria	 II	 cell	 sorter	 and	 analyzed	 using	 the	 FACSDiva	

software	 (both	 BD	 Biosciences).	 A	 detailed	 visualization	 of	 the	 gating	 strategy	 used	 to	

determine	 the	percentages	of	CD4+	and	CD8+	T	cells	producing	 the	cytokines	 IL2,	 IFNγ,	 IL4	

and	IL17	 is	provided	 in	supplementary	figure	S3.2.	For	subsequent	ELISpot	analysis,	CD8+	T	

cells	 were	 stimulated	 for	 16	 hours	 at	 37°C	 and	 used	 in	 a	 murine	 IFNγ	 ELISpot	 assay	

(Diaclone).	 For	 IFNγ	 ELISA,	 CD4+	 and	 CD8+	 T	 cells	 were	 stimulated	 for	 16	 hours	 at	 37°C.	

Supernatants	were	collected	and	analyzed	with	the	murine	IFNγ	ELI-pair	(Diaclone)	according	

to	the	manufacturer’s	protocol.	
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A-	Histology	 		 		 		 		 		
Primary	antibodies	 Fluorophore	 Host	/	Isotype	 Concentration	 Manufacturer	 Catalog	no.	

α-Arg1	 unlabeled	 goat	IgG	 4	µg/ml	 Santa	Cruz	 sc-18354	

α-CD3	 unlabeled	 rabbit	IgG	 1	µg/ml	 Abcam	 ab5690	

α-CD8	alpha	 unlabeled	 rat	IgG2a	 4	µg/ml	 AbD	Serotec	 MCA2694T	

α-F4/80	 unlabeled	 rat	IgG2b	 4	µg/ml	 AbD	Serotec	 MCA497GA	

α-FIZZ1	 unlabeled	 goat	IgG	 2	µg/ml	 Santa	Cruz	 sc-16120	

α-Iba1	 unlabeled	 rabbit	IgG	 1	µg/ml	 Wako	 019-19741	

α-MHCII	(I-A/I-E)	 unlabeled	 rat	IgG2b	 2.5	µg/ml	 eBioscience	 14-5321	

α-MHCII	(I-A/I-E)	 biotin	 rat	IgG2b	 2.5	µg/ml	 eBioscience	 13-5321	

α-Ym1	 unlabeled	 rabbit	 1:200	dilution	 StemCell	Technologies	 1404	

Secondary	antibodies	 Fluorophore	 Host	 Concentration	 Manufacturer	 Catalog	no.	

α-goat	IgG	 Alexa	Fluor	555	 donkey	 10	µg/ml	 Life	Technologies	 A21432	

α-rabbit	IgG	 Alexa	Fluor	555	 donkey	 2	µg/ml	 Life	Technologies	 A31572	

α-rat	IgG	 Alexa	Fluor	555	 goat	 10	µg/ml	 Life	Technologies	 A21434	

α-goat	IgG	 Alexa	Fluor	350	 donkey	 10	µg/ml	 Life	Technologies	 A21081	

α-rabbit	IgG	 Alexa	Fluor	350	 donkey	 10	µg/ml	 Life	Technologies	 A10039	

α-rat	IgG	 Alexa	Fluor	350	 goat	 10	µg/ml	 Life	Technologies	 A21093	

streptavidin	 Cy5	 –	 1:200	dilution	 Life	Technologies	 SA1011	

Nuclear	stain	 Excitation/emission	
max	 Reactivity	 Concentration	 Manufacturer	 Catalog	no.	

DAPI	 358	nm	/	461	nm	 dsDNA	 1	µg/ml	 Sigma	 D9564	

TO-PRO-3	iodide	 642	nm	/	661	nm	 dsDNA	 1:200	dilution	 Life	Technologies	 T3605	

B-	Flow	cytometry	 		 		 		 		
Primary	antibodies	 Fluorophore	 Host	/	Isotype	 Concentration	 Manufacturer	 Catalog	no.	

α-CD4	 FITC	 rat	IgG2b	 3.33	µg/ml	 eBioscience	 11-0041	

α-CD8a	 APC-eFluor	780	 rat	IgG2a	 2	µg/ml	 eBioscience	 47-0081	

α-CD16/32	 unlabeled	 rat	IgG2b	 10	µg/ml	 BD	Biosciences	 553142	

α-IFNγ	 PerCP-Cy5.5	 rat	IgG1	 1	µg/ml	 eBioscience	 45-7311	

α-IL2	 PE	 rat	IgG2b	 2	µg/ml	 eBioscience	 12-7021	

α-IL4	 PE-Cy7	 rat	IgG1	 0.8	µg/ml	 eBioscience	 25-7042	

α-IL17A	 APC	 rat	IgG2a	 1.33	µg/ml	 eBioscience	 17-7177	

Secondary	antibodies	 Fluorophore	 Host	/	Isotype	 Concentration	 Manufacturer	 Catalog	no.	

α-mouse	IgA	 biotin	 rat	IgG1	 0.1	µg/ml	 eBioscience	 13-5994	
α-mouse	IgD	 APC	 rat	IgG2a	 0.07	µg/ml	 eBioscience	 17-5993	

α-mouse	IgE	 PE	 rat	IgG1	 0.1	µg/ml	 eBioscience	 12-5992	

α-mouse	IgG	 PE	 goat	IgG	 1:50	dilution	 Jackson	ImmunoResearch	 115-115-164	

α-mouse	IgM	 PE-Cy5	 rat	IgG2a	 0.1	µg/ml	 eBioscience	 15-5790	

streptavidin	 PE-Cy7	 –	 0.1	µg/ml	 eBioscience	 25-4317	

Viability	stain	 Excitation/emission	
max	 Reactivity	 Concentration	 Manufacturer	 Catalog	no.	

Aqua	live/dead	cell	
exclusion	dye	 375	nm	/	512	nm	 free	amines	 1:800	dilution	 Life	Technologies	 L34957	

Table	 3.1:	 List	 of	 antibodies	 used	 in	 this	 study.	Arg1:	 arginase-1,	 dsDNA:	 double-stranded	 deoxyribonucleic	
acid,	 FIZZ1:	 found	 in	 inflammatory	 zone	 1,	 Iba1:	 ionized	 calcium-binding	 adapter	molecule	 1,	MHCII:	 major	
histocompatibility	 complex	 class	 II,	 Ym1:	 chitinase	 3-like	 3,	 Cy:	 cyanine,	DAPI:	 4',6-diamidino-2-phenylindole,	
CD16/32:	Fcγ	III/II	Receptor,	FITC:	fluorescein	isothiocyanate,	APC:	allophycocyanin,	PE:	phycoerythrin,	PerCP:	
peridinin	chlorophyll.	 	
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3.2.7	Detection	of	allograft-specific	antibody	responses	

FVB	MSCs	were	 pre-incubated	with	whole	 serum	 (1:6	 dilution)	 derived	 from	 control,	 FVB	

MSC-	 or	 FVB	MSC-IL13-grafted	 mice	 and	 stained	 using	 labeled	 isotype-specific	 secondary	

antibodies,	 listed	 in	table	3.1.	Flow	cytometric	analysis	was	performed	on	an	Epics	XL-MCL	

analytical	flow	cytometer	(Beckman	Coulter)	or	on	a	FACSAria	II	cell	sorter	(BD	Biosciences)	

and	data	were	analyzed	using	FlowJo	(Tree	Star).	

3.2.8	Histological	analysis	

Mice	were	deeply	anesthetized	with	an	intraperitoneal	injection	of	60	mg/kg	pentobarbital	

(Nembutal;	Ceva	Sante	Animale),	transcardially	perfused	with	0.9%	NaCl	and	perfused-fixed	

with	4%	paraformaldehyde.	Whole	brain	/	pelvic	limb	muscles	were	surgically	removed	and	

post-fixed	 in	 4%	 paraformaldehyde.	 Fixed	 tissues	 were	 freeze-protected	 with	 a	 sucrose	

gradient,	 snap-frozen	 in	 liquid	 nitrogen,	 and	 10	 µm	 thick	 cryosections	 were	 made.	

Immunofluorescent	 staining	was	 performed	 according	 to	 previously	 optimized	 procedures	

[53,	54]	using	the	antibodies	 listed	 in	 table	3.1.	Stained	slides	were	mounted	with	Prolong	

Gold	antifade	reagent	(Life	Technologies)	and	images	were	acquired	using	an	Olympus	BX51	

fluorescence	microscope	equipped	with	an	Olympus	DP71	digital	camera.	Olympus	cellSens	

Dimension	software	was	used	for	image	acquisition	and	processing.	

3.2.9	In	vivo	LV	injection	experiments	

The	 following	 LVs	 were	 used	 for	 in	 vivo	 administration:	 pCHMWS-mIL13-IRES-Pac	 and	

pCHMWS-BFP-IRES-Pac	 [55].	 All	 surgical	 interventions	 were	 performed	 according	 to	

previously	 established	 procedures	 [56].	 Briefly,	 C57BL/6	 mice	 (8	 weeks	 of	 age)	 were	

anesthetized	with	a	ketamine	(75	mg/kg;	Eurovet)	+	medetomidine	(1	mg/kg;	Pfizer)	mixture	

in	0.9%	NaCl	 (Baxter)	and	placed	 in	a	stereotactic	 frame	(Stoelting).	2	μl	of	LV	concentrate	

(1.5x107-3x107	pg/ml	p24)	was	reproducibly	targeted	to	the	splenium	of	the	corpus	callosum	

at	 1.6	mm	 posterior	 and	 0.3	mm	 dextra	 from	 bregma	 and	 1.1	mm	 ventral	 from	 the	 dura.	

Anesthesia	was	reversed	with	an	intraperitoneal	injection	of	atipamezole	(0.5	mg/kg;	Pfizer).	

3.2.10	Induction	of	cuprizone-associated	inflammatory	CNS	lesions	

At	 the	 age	 of	 8	 weeks,	mice	 with	 or	 without	 prior	 LV	 injection	 received	 standard	 rodent	

chow	mixed	with	0.2%	w/w	cuprizone	(CPZ;	Sigma-Aldrich)	for	a	period	of	4	weeks	in	order	

to	induce	neuroinflammation	and	CNS	demyelination,	as	previously	described	[56-59].	
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3.2.11	Statistical	analysis	

All	numeric	outcome	variables	were	tested	for	normality	and,	if	needed,	log-transformed	to	

obtain	 an	 approximately	 normal	 distribution.	 The	 following	 statistical	 tests	 were	 used:	 (i)	

one-way	ANOVA	for	TNFα/IL6	ELISA	data	and	for	the	flow	cytometric	detection	of	antibody	

responses,	(ii)	generalized	linear	mixed	modeling	for	the	flow	cytometric	detection	of	T	cell	

cytokine	production,	(iii)	two-way	ANOVA	or	one-way	ANOVA	with	subsequent	independent	

t-test	 for	 IFNγ	 ELISpot	 data,	 (iv)	 linear	 mixed	 modeling	 for	 IFNγ	 ELISA	 data	 and	 in	 vivo	

bioluminescence,	and	(v)	Mantel-Cox	testing	for	in	vivo	cell	survival	analysis.	When	required,	

post	 hoc	 analyses	 were	 performed	 and	 resulting	 p	 values	 were	 adjusted	 using	 a	 Tukey	

correction	 for	multiple	 testing.	 The	Mantel-Cox	 test	was	performed	using	GraphPad	Prism	

software	 version	 5.	 All	 remaining	 statistical	 analyses	 were	 performed	 using	 the	 statistical	

package	R	version	3.1.2.	P	values	<	0.05	were	considered	statistically	significant:	*	p	<	0.05;	

**	p	<	0.01;	***	p	<	0.001;	n.s.	=	not	significant.	
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3.3	RESULTS	

3.3.1	 Allogeneic	 MSCs	 are	 subject	 to	 immune	 recognition	 in	 vivo,	 despite	 their	

immunomodulatory	properties	in	vitro	

In	the	first	part	of	this	study,	we	assessed	the	immunological	properties	of	allogeneic	MSCs	

in	vitro	versus	 in	vivo.	Co-culture	experiments	of	FVB	mouse-derived	MSCs	(figure	3.1:	FVB	

MSC)	 with	 LPS/IFNγ-activated	 C57BL/6	 splenic	 DCs	 confirmed	 the	 in	 vitro	

immunomodulatory	 capacity	 of	MSCs,	 illustrated	by	 a	 reduction	 in	 TNFα	 secretion	by	DCs	

(figure	3.2A)	and	an	elevation	 in	 IL6	production	by	MSCs	 (figure	3.2B).	 In	contrast,	grafted	

luciferase/eGFP-expressing	 FVB	 MSCs	 (figure	 3.1:	 FVB	 MSC-Luc/eGFPa)	 rapidly	 became	

undetectable	by	in	vivo	bioluminescence	imaging	(BLI)	following	IV,	IM	and	IC	implantation	in	

C57BL/6	 mice	 (figure	 3.2C).	 IV	 administration	 of	 FVB	 MSCs-Luc/eGFPa	 resulted	 in	 cell	

entrapment	in	the	lungs	followed	by	rapid	loss	of	the	BLI	signal.	IM	and	IC	MSC	allografts,	on	

the	 other	 hand,	 could	 be	 detected	 –with	 decreasing	 signal	 intensity–	 up	 to	 1	week	 post-

injection	 at	 their	 original	 site	 of	 implantation.	 Additionally,	 we	 investigated	 whether	 FVB	

allograft-specific	 T	 cell	 responses	 were	 induced	 upon	 MSC	 infusion	 via	 these	 different	

administration	 routes	 (figure	 3.2D-E).	 In	 agreement	 with	 and	 further	 extending	 our	

preceding	observations	[45],	substantial	numbers	of	IFNγ+	and	IL2+	alloantigen-reactive	CD8+	

T	 cells	 were	 present	 in	 IM	 grafted	 mice.	 Interestingly,	 IFNγ+	 and	 IL2+	 alloantigen-reactive	

CD8+	T	cells	were	not	found	following	IV	or	IC	transplantation.	Allograft-specific	CD4+	T	cell	

responses	 (Th1/Th2)	 and	 Th17/Tc17	 responses	 were	 not	 detected	 in	 any	 of	 the	 tested	

conditions	 (supplementary	 figure	 S3.3).	 The	 induction	 of	 alloantigen-reactive	 CD8+	 T	 cells	

following	 IM	administration	of	MSCs	was	additionally	 confirmed	by	means	of	 IFNγ	ELISpot	

and	ELISA	(supplementary	figure	S3.4).	

3.3.2	In	vitro	MSC-primed	DCs	become	highly	immunostimulatory,	both	in	vitro	and	in	vivo,	

upon	withdrawal	of	MSC	contact	

In	the	previous	paragraph,	we	described	seemingly	contradictory	effects	of	allogeneic	MSCs	

in	vitro	 versus	 in	vivo:	even	though	they	had	an	 immunomodulatory	effect	on	DC	 function	

under	 in	 vitro	 conditions	 (figure	 3.2A),	 a	 manifest	 induction	 of	 MSC-specific	 T	 cells	 was	

observed	upon	their	IM	implantation	in	an	allogeneic	host	(figure	3.2D-E).	In	order	to	further	

investigate	this	discrepancy,	we	examined	whether	MSC-primed	DCs	displayed	a	reduced	T	

cell	stimulatory	capacity	in	vitro	upon	withdrawal	of	MSC	contact.	Splenic	DCs	were	isolated	
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from	 (C57BL/6×FVB)	 F1	mice,	 co-cultured	 in	 vitro	with	 FVB	MSCs,	 and	used	 to	 restimulate	

CD8+	T	cells	isolated	from	naive	or	FVB	MSC-grafted	C57BL/6	mice	in	an	IFNγ	ELISpot	assay	

(figure	3.3A).	Using	this	experimental	setup,	we	found	no	reduction	in	the	T	cell	stimulatory	

capacity	of	MSC-primed	DCs,	compared	to	unprimed	DCs,	upon	withdrawal	of	MSC	contact.	

In	a	subsequent	experiment,	we	studied	the	in	vivo	T	cell	induction	capacity	of	MSC-primed	

DCs.	 Splenic	DCs	 from	 (C57BL/6×FVB)	F1	mice,	either	unprimed	or	primed	with	FVB	MSCs,	

were	 injected	 intramuscularly	 into	C57BL/6	mice.	An	 IFNγ	ELISpot	assay	using	CD8+	T	 cells	

from	these	injected	mice	revealed	the	efficient	induction	of	FVB	alloantigen-specific	CD8+	T	

cell	 responses	 following	 DC	 vaccination,	 regardless	 of	 prior	 MSC	 priming	 (figure	 3.3B).	

Surprisingly,	MSC-primed	DCs	induced	even	more	alloreactive	T	cells	 in	vivo	than	unprimed	

DCs.	 Upon	 withdrawal	 of	 MSC	 contact,	 in	 vitro	 MSC-primed	 DCs	 thus	 became	 highly	

immunostimulatory,	 supporting	 the	 notion	 that	MSC-mediated	modulation	 is	 cell	 contact-

dependent	[29].	

	

Figure	3.1:	Characterization	of	the	genetically	engineered	MSCs	used	in	this	study.		
FVB	 mouse-derived	 MSCs	 (column	 1:	 FVB	 MSC)	 were	 transduced	 using	 the	 pCHMWS-mIL13-IRES-Pac	 LV	
(column	 2:	 FVB	MSC-IL13)	 or	 the	 pCHMWS-eGFP-T2A-fLuc	 LV	 (column	 3:	 FVB	MSC-Luc/eGFPa).	 A	 previously	
established	 ROSA26-L-S-L-Luciferase	 mouse-derived	 eGFP-expressing	 MSC	 line	 [49]	 (column	 4:	 FVB	 MSC-
Luc/eGFPb)	 was	 additionally	 transduced	 with	 the	 pCHMWS-mIL13-IRES-Pac	 LV	 (column	 5:	 FVB	 MSC-
Luc/eGFP/IL13).	BALB/c	mouse-derived	MSCs	(column	6:	BALB/c	MSC)	were	used	without	further	modification.	
Top	panel:	Percentage	of	eGFP+	(lower	right	gate)	and	eGFP-	(lower	left	gate)	cell	populations,	following	dead	
cell	exclusion	with	GelRed	(upper	gate).	Representative	dot	plots	are	shown	from	3	independent	experiments.	
Middle	 panel:	 In	 vitro	 bioluminescence	 imaging	 of	 1×105	 cells,	 expressed	 as	 photons	 per	 second	 per	 square	
centimeter	per	 steradian	±	 standard	deviation	 (n=3).	 Lower	panel:	 IL13	production	by	3×105	MSCs	during	24	
hours	of	culture.	Data	are	presented	as	mean	±	standard	deviation	(n=3).	
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Figure	3.2:	Immunogenicity	and	immunomodulatory	properties	of	allogeneic	MSCs:	in	vitro	versus	in	vivo.		
(A)	 TNFα	 production	 by	 C57BL/6-derived	 splenic	 DCs	 co-cultured	with	 FVB	MSCs	 or	 FVB	MSCs-IL13,	with	 or	
without	LPS/IFNγ	stimulation.	Representative	data	from	one	of	three	independent	stimulation	experiments	are	
shown	 as	 mean	 ±	 standard	 deviation,	 with	 all	 conditions	 tested	 in	 quadruplicate.	 (B)	 IL6	 production	 by	
LPS/IFNγ-stimulated	FVB	MSCs	or	 FVB	MSCs-IL13	 co-cultured	with	wild-type	or	 IL6-/-	 C57BL/6-derived	 splenic	
DCs.	Data	 are	presented	as	mean	±	 standard	deviation,	with	 all	 conditions	 tested	 in	 sextuplicate.	 (C)	 In	 vivo	
bioluminescence	imaging	of	FVB	MSCs-Luc/eGFPa	in	C57BL/6	mice	following	IV	(n=3),	IM	(n=2)	or	IC	(n=3)	cell	
administration.	 Representative	 time	 course	 images	 are	 shown.	 The	 most	 intense	 bioluminescence	 signal	 is	
shown	in	red,	the	weakest	in	blue.	Light	intensity	is	presented	as	the	average	number	of	photons	per	second	
per	square	centimeter	per	steradian.	(D+E)	Allograft-specific	CD8+	T	cell	responses.	T	cells	from	naive	C57BL/6	
mice	 (control,	n=8)	and	 from	C57BL/6	mice	given	an	 IV	 (n=4),	 IM	(n=8)	or	 IC	 (n=8)	FVB	MSC	transplant	were	
analyzed	by	flow	cytometry,	with	or	without	prior	stimulation	with	FVB	MSCs.	Data	are	presented	as	%	CD8+	T	
cells	positive	for	the	cytokines	IFNγ	or	IL2.	***	p	<	0.001	
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Figure	3.3:	MSC-primed	DCs	become	highly	immunostimulatory	upon	withdrawal	of	MSC	contact.		
(A)	Effect	of	MSC	priming	on	the	induction	of	secondary	T	cell	responses	in	vitro.	In	vitro	unprimed,	FVB	MSC-
primed	and	FVB	MSC-IL13-primed	DCs	from	(C57BL/6×FVB)	F1	mice	were	used	as	stimulator	cells	(DC,	DC+MSC	
and	DC+MSC-IL13,	respectively)	in	an	IFNγ	ELISpot	assay	with	CD8+	T	cells	from	naive	(no	transplant)	or	IM	FVB	
MSC-transplanted	 C57BL/6	 mice.	 No	 DCs	 were	 added	 to	 the	 control	 condition	 (no	 stim).	 Two	 independent	
experiments	were	performed	in	which	every	condition	was	tested	at	least	in	quadruplicate.	Data	are	presented	
as	the	number	of	IFNγ	spot-forming	units	(SFU)	/	105	responder	CD8+	T	cells.	(B)	Effect	of	MSC	priming	on	the	
induction	of	primary	T	cell	responses	in	vivo.	In	vitro	unprimed,	FVB	MSC-primed	and	FVB	MSC-IL13-primed	DCs	
from	(C57BL/6×FVB)	F1	mice	were	used	for	IM	vaccination	in	C57BL/6	mice	(DC	injection,	DC+MSC	injection	and	
DC+MSC-IL13	 injection,	 respectively).	 Subsequently,	 CD8+	 T	 cells	were	 isolated	 from	 naive	 (PBS	 injection)	 or	
vaccinated	 C57BL/6	mice	 (n=4/group)	 and	 used	 in	 an	 IFNγ	 ELISpot	 assay	with	 FVB	MSCs	 as	 stimulator	 cells.		
Data	are	presented	as	the	number	of	IFNγ	spot-forming	units	(SFU)	/	105	responder	CD8+	T	cells.	***	p	<	0.001	

3.3.3	Genetic	engineering	of	MSC	allografts	with	IL13	reduces	the	 induction	of	peripheral	

allograft-specific	T	cell	responses	

Since	 allogeneic	 MSCs	 were	 found	 to	 elicit	 a	 significant	 T	 cell	 response	 upon	 IM	

transplantation,	 we	 investigated	 whether	 the	 neo-expression	 of	 IL13	 by	 allogeneic	 MSCs	

could	 (partially)	 counteract	 this	 induction	 of	 alloreactive	 T	 cells	 following	 IM	 MSC	

transplantation.	 To	 this	 end,	 we	 evaluated	 the	 occurrence	 of	 allograft-specific	 T	 cell	

responses	in	C57BL/6	mice	two	weeks	after	IM	transplantation	of	control	FVB	MSCs	or	IL13-

producing	FVB	MSCs	(figure	3.1:	FVB	MSC-IL13).	Both	transplant	groups	displayed	significant	

allograft-specific	 CD8+	 T	 cell	 responses,	 although	mice	with	 IL13-producing	 allografts	were	

characterized	by	 significantly	 fewer	 IFNγ+	and	 IL2+	CD8+	T	 cells	 (figure	3.4A-B).	 Similarly	 to	

the	 aforementioned	 results,	 allograft-specific	 CD4+	 T	 cell	 responses,	 as	well	 as	 Th17/Tc17	

responses,	 were	 not	 detected	 in	 any	 of	 the	 experimental	 groups	 (supplementary	 figure	

S3.5).	As	T	cells	lack	a	functional	IL13	receptor	on	their	cell	surface	[47],	it	is	highly	unlikely	

that	IL13	exerts	its	effect	on	T	cell	functionality	at	the	level	of	the	T	cells	themselves.	Indeed,	

when	T	cells	isolated	from	FVB	MSC-grafted	mice	were	restimulated	in	vitro	with	either	FVB	
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MSCs	or	FVB	MSCs-IL13,	no	difference	in	IFNγ	production	by	isolated	CD8+	T	cells	was	seen	

(figure	3.4C).	Conditions	in	which	MSCs	had	been	precultivated	in	the	well	for	24	hours	prior	

to	co-culture	were	included	to	ensure	a	sufficiently	high	IL13	concentration	throughout	MSC-

T	 cell	 interaction.	 Although	 IFNγ	 production	 by	 CD8+	 T	 cells	 was	 elevated	 in	 the	 latter,	

primed	T	cells	were	not	influenced	by	the	presence	of	IL13	in	the	supernatant.	In	agreement	

with	our	other	results,	IFNγ	production	by	CD4+	T	cells	was	not	detected	(figure	3.4D).	

3.3.4	 Short-term	 in	 vitro	 IL13-priming	 of	 DCs	 cannot	 recapitulate	 complex	 in	 vivo	

interactions	between	allogeneic	MSCs,	IL13,	antigen-presenting	cells	and	T	cells	

As	 IL13	has	been	 shown	 to	effectively	 reduce	 the	 induction	of	 peripheral	 T	 cell	 responses	

without	acting	directly	on	activated	T	cells,	we	hypothesized	that	the	cytokine	must	exert	its	

effect	 at	 the	 level	 of	 antigen-presenting	 cells	 (APCs).	 Like	 non-engineered	 MSCs,	 IL13-

expressing	MSCs	reduced	TNFα	production	by	DCs	(figure	3.2A)	and	are	induced	to	produce	

IL6	upon	DC	 co-culture	 (figure	3.2B).	Unexpectedly,	 in	 vitro	 IL13-primed	C57BL/6×FVB	DCs	

did	not	display	a	 reduced	T	cell	 stimulatory	capacity	 in	vitro	 (figure	3.3A)	or	 in	vivo	 (figure	

3.3B)	 in	comparison	to	non-engineered	MSCs.	Clearly,	the	 intricate	mechanism(s)	by	which	

IL13	modulates	allospecific	T	 cell	 responses	 in	vivo	 are	 far	 too	complex	 to	be	 simulated	 in	

vitro.	

3.3.5	 IL13-mediated	 T	 cell	modulation	 is	 restricted	 to	 alloantigens	 present	 at	 the	 site	 of	

IL13	secretion,	and	does	not	coincide	with	changes	in	allograft-specific	antibody	response	

Next,	 we	 questioned	 whether	 IL13	 only	 modulated	 the	 alloimmune	 response	 directed	

towards	 the	 IL13-expressing	 FVB	 MSC	 allograft,	 or	 whether	 MSC-derived	 IL13	 could	

additionally	 modulate	 alloimmune	 responses	 directed	 towards	 a	 distant,	 third-party	

allograft.	 To	 investigate	 this,	 C57BL/6	 mice	 received	 a	 BALB/c	 MSC	 allograft	 (figure	 3.1:	

BALB/c	MSC)	in	the	left	hind	limb	and,	if	applicable,	an	additional	FVB	MSC	or	FVB	MSC-IL13	

allograft	in	the	right	hind	limb.	Using	this	setup,	we	validated	the	finding	that	the	percentage	

of	FVB	alloantigen-specific	IFNγ-	and	IL2-producing	CD8+	T	cells	was	significantly	reduced	in	

mice	with	an	 IL13-producing	MSC	graft	compared	to	mice	with	a	control	MSC	graft	 (figure	

3.4E-F	 and	 supplementary	 figure	 S3.6).	 Interestingly,	 the	 relative	 number	 of	 BALB/c	

alloantigen-specific	IFNγ-	and	IL2-producing	CD8+	T	cells	was	comparable	in	all	BALB/c	MSC-

grafted	mice,		regardless		of	the		presence		of	an		additional		FVB	MSC(±IL13)		graft.		This	thus	
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Figure	3.4:	Grafting	of	 IL13-producing	allogeneic	MSCs	 results	 in	a	 reduced	 induction	of	alloreactive	T	cells	
without	affecting	allograft-specific	humoral	 responses.	 (A+B)	Allograft-specific	CD8+	T	 cell	 responses.	 T	 cells	
from	naive	(no	transplant,	n=16),	FVB	MSC-transplanted	(n=14)	or	FVB	MSC-IL13-transplanted	(n=18)	C57BL/6	
mice	were	analyzed	by	 flow	cytometry,	with	or	without	prior	FVB	MSC	stimulation.	Data	are	presented	as	%	
CD8+	T	cells	positive	for	IFNγ	or	IL2.	(C+D)	Effect	of	IL13	on	activated	T	cells.	T	cells	from	naive	(no	transplant,	
n=1)	 or	 FVB	 MSC-transplanted	 C57BL/6	 mice	 (n=3)	 were	 restimulated	 under	 the	 following	 conditions:	 no	
stimulation,	 PMA	 +	 ionomycin	 stimulation,	 and	 FVB	MSC(±IL13)	 stimulation.	 IFNγ	 production	 by	 T	 cells	 was	
quantified	by	ELISA.	Data	are	presented	as	mean	±	standard	deviation,	with	each	condition	tested	in	triplicate	
for	 each	 mouse.	 (E+F)	 CD8+	 T	 cell	 responses	 against	 FVB	 and	 BALB/c	 MSC	 allografts.	 T	 cells	 from	 MSC	
transplanted	mice	(n=8/group)	were	analyzed	by	flow	cytometry,	with	or	without	prior	stimulation	with	FVB	or	
BALB/c	MSCs.	 Data	 are	 presented	 as	 %	 CD8+	 T	 cells	 positive	 for	 IFNγ	 or	 IL2.	 (G)	 Allograft-specific	 antibody	
responses.	FVB	MSCs	were	 incubated	with	serum	samples	from	naive	C57BL/6	mice	or	from	mice	challenged	
with	IM	FVB	MSC(±IL13)	allografts	(n=4/group),	stained	with	labeled	isotype-specific	secondary	antibodies	and	
analyzed	by	flow	cytometry.	Background	fluorescence	(MSCs	+	secondary	antibody	alone)	is	demarcated	by	the	
gray	area.	Data	are	expressed	as	mean	fluorescence	intensity	(MFI).	n.s.:	not	significant,	*	p	<	0.05,	**	p	<	0.01,	
***	p	<	0.001	

suggests	 that	 the	 observed	 IL13-mediated	 immunomodulation	 is	 restricted	 to	 FVB	 MSC	

antigens,	 i.e.	 alloantigens	 present	 at	 the	 site	 of	 IL13	 secretion,	 and	 does	 not	 suppress	

immune	 responses	 against	 distant	 third-party	 allografts.	 Finally,	 we	 investigated	 the	

potential	of	MSC-derived	IL13	to	modulate	allograft-specific	antibody	responses.	Two	weeks	

after	 IM	 transplantation	of	 FVB	MSCs	or	 FVB	MSCs-IL13,	whole	 serum	was	 collected	 from	

transplanted	 or	 naive	 C57BL/6	 mice	 and	 evaluated	 for	 the	 presence	 of	 allograft-specific	

antibodies	(figure	3.4G).	FVB	MSC-specific	antibodies	of	the	IgG	isotype	–but	not	of	the	IgA,	

IgD,	IgE	and	IgM	isotypes–	could	readily	be	detected	in	all	transplanted	mice.	No	modulatory	

effect	of	IL13	on	the	antibody	response	was	observed	as	comparable	levels	of	graft-specific	

IgG	antibodies	were	found	in	mice	grafted	with	non-engineered	or	IL13-expressing	MSCs.	

3.3.6	 Transplantation	 of	 IL13-producing	 MSCs	 induces	 an	 alternatively	 activated	

phenotype	in	graft-infiltrating	macrophages	

As	 IL13	 is	 a	 key	 cytokine	 in	 the	 promotion	 of	 alternative	macrophage	 activation	 [46],	 we	

examined	 whether	 IL13-producing	 MSC	 allografts	 were	 able	 to	 induce	 an	 alternatively	

activated	phenotype	in	graft-infiltrating	macrophages	(and	microglia	in	the	case	of	IC	grafts	

[55]).	 Histological	 analyses	 of	 FVB	MSC-Luc/eGFPb	 grafts	 (figure	 3.1:	 FVB	MSC-Luc/eGFPb)	

and	FVB	MSC-Luc/eGFP/IL13	grafts	(figure	3.1:	FVB	MSC-Luc/eGFP/IL13)	were	performed	at	

5	(IM	grafts)	or	7	(IC	grafts)	days	after	implantation	in	C57BL/6	mice.	At	given	time	points,	all	

eGFP-expressing	 MSC	 grafts	 –or	 remnants	 thereof	 in	 case	 of	 IC	 FVB	 MSC-Luc/eGFPb	

transplantation–	could	readily	be	detected	(figure	3.5,	first	row).		MSC		allografts		displayed	a		
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Figure	 3.5:	 Transplantation	 of	 IL13-producing	MSCs	 induces	 an	 alternatively	 activated	 phenotype	 in	 graft-
infiltrating	macrophages	(and	microglia).	Representative	 immunofluorescence	images	of	FVB	MSC-Luc/eGFPb	
and	FVB	MSC-Luc/eGFP/IL13	implants	in	muscle	(5	days	post	grafting)	or	brain	(7	days	post	grafting)	of	C57BL/6	
mice	(n=5/condition).	Iba1	and	F4/80	were	used	as	general	macrophage/microglia	markers,	MHCII	as	a	typical	
activation	marker,	and	Arg1,	Ym1	and	FIZZ1	as	markers	of	alternative	M2a	activation.	 In	addition,	graft	 sites	
were	evaluated	for	the	presence	of	CD3+	and	CD8+	T	cells.	Scale	bars	indicate	500	µm	in	the	top	row	and	50	µm	
in	all	other	images	(both	main	images	and	insets).	

substantial	 infiltration	 of	 activated	 macrophages	 (and	 microglia)	 under	 all	 experimental	

conditions,	as	demonstrated	by	 the	presence	of	 Iba1+	and	F4/80+	myeloid	cells	within	and	

surrounding	MSC	grafts	(figure	3.5,	second-fourth	rows).	The	classic	activation	marker	MHCII	

was	 expressed	 by	 graft-infiltrating	 F4/80+	 macrophages	 (and	 microglia)	 in	 all	 tested	

conditions	(figure	3.5,	third	and	fifth	rows).	In	contrast,	the	expression	of	Arg1,	a	marker	of	

alternative	M2a	 activation	 [46,	 60],	 was	 exclusive	 to	 F4/80+	macrophages	 (and	microglia)	

infiltrating	IL13-producing	grafts	(figure	3.5,	fourth	and	fifth	rows).	Similarly,	the	expression	

of	 Ym1	 and	 FIZZ1,	 two	 additional	 M2a	 markers	 [46],	 was	 restricted	 to	 myeloid	 cells	

associated	with	IL13-producing	MSC	grafts	(figure	3.5,	sixth	row).	Graft-infiltrating	CD3+	and	

CD8+	T	cells	were	observed	under	all	experimental	conditions	(figure	3.5,	seventh	and	eighth	

rows).	

	

3.3.7	IL13	alone	is	sufficient	to	induce	in	vivo	M2a	macrophage/microglia	polarization	

In	 a	 subsequent	 experiment,	 we	 investigated	 whether	 the	 in	 vivo	 M2a	 polarization	 of	

macrophages	and	microglia	observed	following	grafting	of	 IL13-expressing	MSCs	 is	 induced	

by	the	single	action	of	IL13	or	by	a	combined	effect	of	MSCs	and	IL13.	For	this,	we	examined	

whether	expression	of	IL13	in	the	splenium	of	the	corpus	callosum	could	induce	alternative	

M2a	 polarization	 of	 microglia	 and	 macrophages	 following	 CPZ	 administration,	 a	 well-

established	 mouse	 model	 of	 neuroinflammation	 [56,	 61].	 As	 shown	 in	 figure	 3.6,	 CPZ	

administration	 leads	 to	 severe	 accumulation	 of	 F4/80+	 microglia/macrophages	 in	 the	

splenium	of	non-injected	control	mice,	blue	fluorescent	protein	(BFP)-expressing	control	LV-

injected	mice	and	IL13-expressing	LV-injected	mice.	In	vivo	administration	of	IL13-expressing	

LV	 additionally	 induced	 Arg1	 expression	 in	 CPZ	 lesion-associated	 microglia/macrophages,	

indicating	that	IL13	alone	can	effectively	induce	M2a	microglia/macrophage	polarization.		
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Figure	3.6:	IL13	alone	is	sufficient	to	induce	in	vivo	M2a	macrophage/microglia	polarization.		
Representative	 immunofluorescence	 images	 are	 shown	 of	 the	 splenium	 of	 the	 corpus	 callosum	 of	 healthy	
control	mice	 (healthy,	n=5),	CPZ-fed	non-injected	control	mice	 (CPZ,	n=5),	CPZ-fed	pCHMWS-BFP-IRES-Pac	LV	
injected	mice	(CPZ	+	LV-BFP,	n=6),	and	CPZ-fed	pCHMWS-mIL13-IRES-Pac	LV	injected	mice	(CPZ	+	LV-IL13,	n=6)	
after	4	weeks	of	CPZ	diet.	F4/80	was	used	as	general	macrophage/microglia	marker	and	Arg1	as	a	marker	of	
alternative	M2a	activation.	Scale	bars	indicate	100	µm.	

3.3.8	IL13	prolongs	MSC	allograft	survival	upon	IM	and	IC	administration	

In	a	 final	experiment,	we	 investigated	whether	the	production	of	 IL13	by	MSCs	could	alter	

the	course	of	MSC	allograft	rejection.	To	this	end,	the	in	vivo	survival	of	FVB	MSC-Luc/eGFPb	

and	FVB	MSC-Luc/eGFP/IL13	allografts	was	evaluated	non-invasively	by	quantitative	 in	vivo	

BLI	following	IM	(figure	3.7A-C)	and	IC	(figure	3.7D-F)	 implantation	in	albino	C57BL/6	mice.	

Allograft		survival,		defined		as		the		time		point		beyond		which	the	bioluminescent	signal	was	

equal	to	or	lower	than	background	radiance,	was	modestly	–albeit	statistically	significantly–	
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Figure	3.7:	IL13	prolongs	MSC	allograft	survival	upon	both	IM	and	IC	administration.		
(A+D)	 In	 vivo	 bioluminescence	 imaging	 of	 FVB	 MSCs-Luc/eGFPb	 and	 FVB	 MSCs-Luc/eGFP/IL13	 following	 IM	
(panel	A)	or	IC	(panel	D)	transplantation	in	albino	C57BL/6	mice.	Representative	time	course	images	are	shown.	
The	most	 intense	bioluminescence	signal	 is	shown	in	red,	the	weakest	 in	blue.	Light	 intensity	 is	presented	as	
the	average	number	of	photons	per	second	per	square	centimeter	per	steradian.	(B+E)	Quantitative	analysis	of	
in	 vivo	 BLI	measurements	 of	 IM	 (panel	 B)	 or	 IC	 (panel	 E)	 FVB	MSC-Luc/eGFPb	 (MSC,	muscle:	 n=8	 and	 brain:	
n=10)	or	FVB	MSC-Luc/eGFP/IL13	 (MSC-IL13,	muscle:	n=9	and	brain:	n=11)	allografts	 in	albino	C57BL/6	mice.	
Light	 emission	was	measured	 from	 a	 fixed	 region	 of	 interest,	 and	measured	 BLI	 signals	 (expressed	 as	 ln(x)-
transformed	photons/s/cm2/sr)	 are	 provided	 longitudinally	 for	 each	mouse	 analyzed.	 The	 bold	 blue	 and	 red	
lines	indicate	the	average	logarithmic	BLI	signals	of	FVB	MSC-Luc/eGFPb	and	FVB	MSC-Luc/eGFP/IL13	allografts,	
respectively.	Background	radiance	is	demarcated	by	the	gray	area.	**	p	<	0.01	(C+F)	Cumulative	survival	of	FVB	
MSC-Luc/eGFPb	 (blue)	 and	 FVB	 MSC-Luc/eGFP/IL13	 (red)	 allografts	 following	 IM	 (panel	 C)	 or	 IC	 (panel	 F)	
implantation	into	albino	C57BL/6	mice.	
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extended	 for	 IL13-producing	MSCs	 following	 IM	 implantation	 (figure	3.7B-C).	This	was	also	

true	 following	 IC	 implantation,	 with	 an	 even	 more	 pronounced	 graft	 survival-promoting	

effect	of	 IL13	 in	 these	animals	 (figure	3.7E-F).	 In	conclusion,	 these	data	 illustrate	 that	 IL13	

can	delay	the	course	of	allograft	rejection	in	both	muscle	and	brain	tissue.	

3.4	DISCUSSION	

To	 this	 day,	 immune	 recognition	 of	 allografts	 remains	 the	 major	 hurdle	 in	 achieving	

successful	 allogeneic	 cell	 transplantation,	 and	 thus,	 sustained	 therapeutic	 benefit	 of	

allogeneic	 cellular	 therapies.	 Correspondingly,	 we	 observed	 that	 transplantation	 of	MSCs,	

cells	with	an	established	in	vitro	immunomodulatory	potential	[28-30],	into	allogeneic	hosts	

irrevocably	 resulted	 in	 allograft	 rejection.	 Furthermore,	 IM	MSC	 transplantation	 triggered	

the	 induction	 of	 graft-specific	 CD8+	 T	 cells	 in	 allogeneic	 hosts.	 Alloreactive	 T	 cells	 can	 be	

sensitized	 via	 three	 distinct	 pathways:	 direct,	 indirect	 and	 semi-direct	 allorecognition	 [62,	

63].	 Following	 in	 vitro	 IFNγ	 stimulation,	 MSCs	 have	 been	 found	 to	 upregulate	 MHCII	

expression	 and	 display	 some	 antigen-presenting	 properties	 in	 the	 context	 of	 direct	

allorecognition	 [64].	 Histological	 analysis	 of	 the	 graft	 sites	 however	 did	 not	 reveal	MHCII	

expression	 by	 grafted	MSCs	 in	 vivo	 (figure	 3.5,	 third	 and	 fifth	 rows).	 In	 contrast,	 indirect	

allorecognition	of	MSCs	is	likely	to	occur,	albeit	at	a	slower	rate,	accounting	for	only	<10%	of	

the	alloreactive	T	cell	repertoire	during	acute	rejection	[65].	Particularly	in	the	case	of	fully	

MHC-mismatched	cell	grafts,	this	process	will	require	a	more	complex	sequence	of	events	to	

achieve	 effective	 allograft	 elimination	 [66].	 Consequently,	we	 believe	 that	 the	 semi-direct	

pathway	of	 allorecognition	 is	 the	most	 likely	mechanism	 to	 explain	 the	 rapid	 induction	of	

allograft-specific	T	cell	 responses	 following	transplantation	of	 fully	MHC-mismatched	MSCs	

[62].	Furthermore,	there	is	compelling	evidence	that	innate	immune	cells	are	also	capable	to	

distinguish	between	self	and	allogeneic	non-self	[67,	68].	Since	the	transplanted	cells	used	in	

this	 study	 were	 fully	 incompatible	 with	 their	 recipients,	 it	 is	 likely	 that	 multiple	

allorecognition	mechanisms	jointly	contributed	to	the	observed	allograft	rejection.		

In	 our	 opinion,	 distinct	 allograft	 recognition	 mechanisms	 may	 be	 responsible	 for	 the	

rejection	 of	 IM	 and	 IC	 allografts,	 illustrated	 by	 their	 differential	 capacity	 to	 induce	

alloreactive	 T	 cells.	 Even	 so,	 histological	 analysis	 revealed	 the	 presence	 of	 CD8+	 T	 cells	 in	

both	 IM	and	 IC	allografts.	Given	 the	absence	of	 alloreactive	T	 cells	 in	 secondary	 lymphoid	
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organs	 after	 IC	 transplantation	 of	 allogeneic	MSCs,	 it	 is	 safe	 to	 assume	 that	 CD8+	 T	 cells	

found	 in	 IC	 allografts	 are	 not	 allograft-specific.	 The	 antigen-specificity	 of	 IM	 allograft-

infiltrating	CD8+	T	cells	however	remains	to	be	established.	This	was	not	examined	here	as	

graft-infiltrating	 T	 cells	 were	 scarce,	 impeding	 the	 isolation	 of	 sufficient	 T	 cells	 for	 flow	

cytometric	 analysis.	 The	 involvement	 of	 T	 cells	 in	 MSC	 allograft	 rejection	 was	 previously	

demonstrated	by	Zangi	et	al.	[33],	as	they	found	that	intraperitoneal	MSC	allografts	survived	

in	 BALB/c	 nude	 mice	 but	 not	 in	 fully	 competent	 BALB/c	 recipients.	 Consequently,	 it	 is	

expected	 that	 at	 least	 some	 of	 the	 T	 cells	 infiltrating	 IM	 allografts	 are	 alloreactive	 and	

actively	contribute	to	allograft	rejection.	

The	ultimate	goal	of	our	study	was	to	modulate	these	existing	allorecognition	mechanisms	in	

vivo,	 in	 favor	 of	MSC	 allograft	 survival.	Upon	 transduction	with	 an	 IL13-expressing	 LV,	we	

found	 that	 local	 IL13	 production	 by	 MSC	 allografts	 induced	 an	 alternatively	 activated	

phenotype	 in	 graft-infiltrating	 macrophages	 (and	 microglia).	 Although	 macrophages	 can	

adopt	 a	 myriad	 of	 distinct	 phenotypes	 in	 response	 to	 different	 stimuli,	 non-resting	

macrophages	 are	 generally	 classified	 as	 either	 ‘classically’	 (M1)	 or	 ‘alternatively’	 (M2)	

activated.	MHCII	is	typically	upregulated	upon	macrophage	activation	(in	both	M1-	and	M2-

oriented	 cells),	 whereas	 additional	 expression	 of	 the	 enzymes	 Arg1,	 Ym1	 and	 FIZZ1	 is	

indicative	 of	 the	 M2a	 phenotype	 [46,	 60].	 In	 our	 study,	 induction	 of	 the	 M2a	

macrophage/microglia	phenotype	was	a	direct	effect	of	MSC-derived	IL13,	as	IC	injection	of	

an	 IL13-encoding	 LV	 into	 inflammatory	 CNS	 lesions	 was	 similarly	 found	 to	 induce	 Arg1	

expression	 in	 macrophages/microglia	 (figure	 3.6).	 Furthermore,	 we	 report	 that	 this	 IL13-

driven	shift	 in	macrophage	 (and	microglia)	phenotype	coincides	with	 reduced	peripheral	T	

cell	responses	following	IM	transplantation	of	allogeneic	MSCs.	Interestingly,	elevated	Arg1	

expression	by	macrophages	has	previously	been	associated	with	decreased	T	 cell	 function	

[69,	 70].	 Rodriguez	 and	 colleagues	 found	 that	 macrophages	 stimulated	 with	 IL4	 +	 IL13	

upregulated	their	expression	of	Arg1	and	cationic	amino	acid	transporter	2B,	causing	a	rapid	

drop	in	extracellular	L-arginine	levels.	Due	to	this	depletion,	CD3ζ	chain	expression	was	lost	

on	 activated	 T	 cells,	 resulting	 in	 impaired	 T	 cell	 proliferation	 and	 decreased	 cytokine	

production.	 Similarly,	 we	 postulate	 that	 IL13-induced	 M2a	 macrophages	 migrate	 to	

secondary	 lymphoid	 organs	 –to	 exert	 their	 role	 as	 APCs–	 where	 they	 locally	 deplete	 the	

environment	of	L-arginine	and	cause		impaired		T	cell		function,		thus		recapitulating	our		flow		



CHAPTER	3	

70	

cytometry	 results	 (figure	 3.4	 A-B	 +	 E-F).	 Alternatively,	 M2a	 macrophages	 might	 display	 a	

reduced	migratory	 capacity	 towards	 secondary	 lymphoid	 organs,	 and/or	 IL13-conditioned	

M2a	 macrophages	 (and	 microglia)	 might	 display	 a	 reduction	 in	 innate	 effector	 functions	

(such	 as	 direct	 allograft	 killing),	 although	 these	 hypotheses	 remain	 to	 be	 investigated.	

Nevertheless,	we	postulate	 that	MSC	allograft	 rejection	 is	predominantly	mediated	by	 the	

direct	 action	 of	macrophages	 (and	microglia).	 In	 the	 case	 of	 IM	MSC	 transplantation,	 the	

allograft	rejection	process	may	additionally	be	aided	by	alloreactive	T	cells.	But	regardless	of	

the	 relative	 contributions	 of	 these	 different	 allorecognition	mechanisms,	 it	 is	 evident	 that	

IL13	 has	 the	 potential	 to	 modulate	 both	 innate	 and	 adaptive	 immune	 mechanisms,	

ultimately	resulting	in	extended	MSC	allograft	survival.	

When	considering	possible	applications	of	 IL13-overexpressing	MSCs,	one	should	 take	 into	

account	that	allograft-survival	was	only	modestly	prolonged	by	MSC-derived	IL13.	Although	

this	excludes	applications	 in	which	sustained	MSC	survival	 is	 recommended,	e.g.	 long-term	

production	 of	 therapeutic	 proteins	 such	 as	 erythropoietin	 or	 factor	 VIII	 [71,	 72],	 models	

which	predominantly	rely	on	the	supportive	and	regenerative	functions	of	MSCs	for	disease	

improvement	may	 still	 benefit	 from	 a	 slightly	 extended	 therapeutic	window	 of	 allogeneic	

MSC	grafts.	For	example,	 the	beneficial	effects	of	allogeneic	MSCs	 in	 ischemic	stroke	were	

still	apparent	14	days	after	cell	administration,	even	though	 just	a	 fraction	of	 transplanted	

cells	 is	 expected	 to	 persist	 at	 this	 point	 [37].	 It	 is	 therefore	 safe	 to	 assume	 that	 a	

prolongation	of	the	grafted	MSCs’	therapeutic	period	will	go	hand	in	hand	with	an	improved	

therapeutic	outcome.	

3.5	CONCLUSION	

In	conclusion,	this	study	demonstrates	that	locally	secreted	IL13	modulates	allograft-specific	

immunity	 by	 promoting	 the	M2a	 activation	 state	 in	 graft-infiltrating	macrophages	 and	 by	

limiting	 the	 induction	 of	 allograft-specific	 CD8+	 T	 cell	 responses.	 This	 IL13-mediated	

modulation	resulted	 in	a	prolongation	of	allogeneic	MSC	survival	 in	both	muscle	and	brain	

tissue.	 Aside	 from	 transplantation	 research,	 the	 pleiotropic	 effects	 IL13	 further	 encourage	

the	application	of	this	cytokine	for	the	relief	of	acute	or	chronic	inflammation	in	models	of	

trauma	or	disease.	
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3.6	SUPPLEMENTARY	FIGURES	

	 	
Supplementary	figure	S3.1:	Detailed	immunophenotypic	analysis	of	MSC	lines	used	in	this	study.		
Flow	cytometric	analysis	of	surface	marker	expression	on	the	different	MSC	lines	used.	The	expression	of	the	
following	MSC	 lineage-specific	markers	was	 evaluated:	 CD29	 (eBioscience,	 12-0291),	 CD44	 (eBioscience,	 12-
0441),	CD106	(eBioscience,	12-1061)	and	Sca-1	(eBioscience,	12-5981).	In	addition,	absence	of	the	endothelial	
marker	CD31	(eBioscience,	12-0311)	and	the	hematopoietic	marker	CD45	(eBioscience,	12-0451)	was	verified.	
FVB	origin	of	the	cells	was	confirmed	with	a	staining	for	H2-Kq	(BioLegend,	115101	+	407107).	Each	plot	displays	
3	histograms:	unstained	MSCs	(black	dotted	line),	MSCs	+	PE-labeled	isotype	control	(solid	pink	line),	and	MSCs	
+	PE-labeled	antibody	(filled	histogram).	
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Supplementary	 figure	 S3.2:	 Gating	 strategy	 used	 for	 the	 flow	 cytometric	 determination	 of	 T	 cell	 cytokine	
production.	Detailed	visualization	of	the	gating	strategy	used	to	determine	the	percentages	of	CD4+	and	CD8+	T	
cells	positive	for	the	cytokines	IL2,	IFNγ,	IL4	and	IL17.	
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Supplementary	 figure	 S3.3:	 Differential	 immunogenicity	 of	 allogeneic	 MSCs	 following	 IV,	 IM	 or	 IC	
administration.	T	cells	 from	naive	C57BL/6	mice	 (control,	n=8)	and	 from	C57BL/6	mice	given	an	 IV	 (n=4),	 IM	
(n=8)	or	IC	(n=8)	FVB	MSC	transplantation	were	analyzed	by	flow	cytometry,	with	or	without	prior	stimulation	
with	FVB	MSCs.	Data	are	presented	as	%	CD8+	(panel	A)	or	CD4+	(panel	B)	T	cells	positive	for	the	cytokines	IL2,	
IFNγ,	IL4	and	IL17.	***	p	<	0.001	
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Supplementary	 figure	 S3.4:	 Detection	 of	 alloimmune	 responses,	 elicited	 by	 IM	 allogeneic	 MSC	
transplantation,	by	means	of	IFNγ	ELISpot	and	IFNγ	ELISA.		
(A)	An	IFNγ	ELISpot	was	performed	on	mononuclear	cells	(MNC,	n=7),	CD8+	T	cells	(n=3)	and	CD4+	T	cells	(n=3)	
isolated	from	the	spleen	of	FVB	MSC-transplanted	C57BL/6	mice.	Responder	cells	were	restimulated	under	the	
following	conditions:	no	stimulation	(no	stim),	PMA	+	ionomycin	stimulation	(PMA),	FVB	MSC	stimulation,	and	
BALB/c	 stimulation.	 Data	 are	 presented	 as	 the	 number	 of	 IFNγ	 spot-forming	 units	 (SFU)	 /	 2,5×105	MNCs	 or	
1×105	T	cells.	All	conditions	differing	significantly	from	the	‘no	stimulation’	condition	are	indicated	by	asterisks.	
(B)	Mononuclear	 cells	 (MNC,	n=3),	CD8+	T	 cells	 (n=3)	and	CD4+	T	 cells	 (n=3)	 isolated	 from	 the	 spleen	of	 FVB	
MSC-transplanted	 C57BL/6	 mice	 were	 restimulated	 under	 the	 following	 conditions:	 no	 stimulation,	 PMA	 +	
ionomycin	 stimulation,	 FVB	 MSC	 stimulation,	 and	 BALB/c	 stimulation,	 and	 IFNγ	 secretion	 by	 T	 cells	 was	
quantified	by	ELISA	on	the	culture	supernatant.	Data	are	presented	as	mean	±	standard	deviation,	with	each	
condition	 tested	 in	 triplicate	 for	 each	mouse.	 All	 conditions	 differing	 significantly	 from	 the	 ‘no	 stimulation’	
condition	are	indicated	by	asterisks.	*	p	<	0.05,	**	p	<	0.01,	***	p	<	0.001	
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Supplementary	figure	S3.5:	IL13-producing	MSC	allografts	induce	fewer	alloreactive	T	cells	than	control	MSC	
allografts.	T	cells	from	naive	(no	transplant,	n=16),	FVB	MSC-transplanted	(n=14)	or	FVB	MSC-IL13-transplanted	
(n=18)	C57BL/6	mice	were	analyzed	by	 flow	cytometry,	with	or	without	prior	FVB	MSC	stimulation.	Data	are	
presented	 as	 %	 CD8+	 (panel	 A)	 or	 CD4+	 (panel	 B)	 T	 cells	 positive	 for	 the	 cytokines	 IL2,	 IFNγ,	 IL4	 and	 IL17.		
*	p	<	0.05,	***	p	<	0.001	
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Supplementary	figure	S3.6:	MSC-derived	 IL13	does	not	suppress	 immune	responses	against	a	distant	third-
party	 allograft.	 T	 cells	 from	MSC	 transplanted	mice	 (n=8/group)	 were	 analyzed	 by	 flow	 cytometry,	 with	 or	
without	prior	stimulation	with	FVB	or	BALB/c	MSCs.	Data	are	presented	as	%	CD8+	(panel	A)	or	CD4+	(panel	B)		
T	cells	positive	for	the	cytokines	IL2,	IFNγ,	IL4	and	IL17.	n.s.:	not	significant,	***	p	<	0.001	
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4.1	INTRODUCTION	

Detrimental	inflammatory	responses	are	a	typical	hallmark	of	various	central	nervous	system	

(CNS)	 pathologies,	 including	 multiple	 sclerosis	 (MS),	 stroke	 and	 spinal	 cord	 injury	 [1,	 2].	

Following	CNS	 injury	or	 infection,	 “classically”	or	M1	activated	microglia	and	macrophages	

are	 rapidly	 recruited	 to	 sites	 of	 inflammation,	 acting	 as	 a	 first	 line	 of	 defence	 against	

invading	pathogens.	 In	addition	to	pathogen	clearance,	M1	microglia/macrophages	play	an	

important	 role	 in	 the	 phagocytosis	 of	 damaged	 cells	 and	 cellular	 debris	 [3,	 4].	 Under	

pathological	 conditions,	 there	 is	 an	 inadequate	 shift	 from	 this	 initial	 M1	

macrophage/microglia	 activation	 state	 towards	 “alternative”	 or	 M2	 activation,	 the	

phenotype	associated	with	ensuing	tissue	remodeling	and	repair.	This	chronic	overactivation	

of	M1	 inflammatory	 cells	 results	 in	 the	 local	 accumulation	 of	 pro-inflammatory	 cytokines	

and	 oxygen/nitrogen	 radicals,	 causing	 additional	 damage	 to	 the	 surrounding	 tissue	 [5,	 6].	

Given	 the	 pivotal	 role	 of	 M1-oriented	 myeloid	 cells	 in	 the	 onset	 of	 chronic	

neuroinflammation,	 it	 has	 been	 suggested	 that	 forced	M2	 activation	 of	 lesion-associated	

microglia	 and/or	 macrophages	 during	 the	 development	 of	 inflammation	 may	 have	 a	

beneficial	effect	on	the	disease	outcome	[6,	7].	Following	this	 lead,	previous	studies	within	

our	 laboratory	have	demonstrated	that	the	targeted	delivery	of	 interleukin-13	(IL13),	 i.e.	a	

Th2	cytokine	capable	to	induce	M2a	polarization	in	microglia	and	macrophages,	significantly	

reduced	 cuprizone	 (CPZ)-induced	 demyelination	 and	 neuroinflammation	 in	 a	 well-

established	mouse	model	of	MS	[8-10].	In	these	studies,	IL13	was	delivered	to	the	splenium	

of	the	corpus	callosum,	one	of	the	most	affected	brain	regions	in	the	CPZ	mouse	model	[11],	

through	the	injection	of	an	IL13-encoding	lentiviral	vector	(LV-IL13)	or	via	transplantation	of	

IL13-expressing	 autologous	 mesenchymal	 stem	 cells	 (MSCs-IL13).	 Although	 viral	 gene	

transfer	in	the	CNS	is	highly	efficient	in	rodents,	this	approach	remains	controversial	in	terms	

of	clinical	translation	to	humans.	Patient-derived	autologous	MSCs,	on	the	other	hand,	may	

be	compromised	due	to	age	or	disease,	impairing	the	cells’	proliferative	and/or	therapeutic	

capacity	[12,	13].	Moreover,	the	preparation	of	genetically	engineered	autologous	MSCs	for	

each	individual	patient	is	highly	laborious	and	expensive.	In	the	current	study,	we	therefore	

wished	to	evaluate	whether	IL13-expressing	allogeneic	MSCs,	i.e.	cells	that	could	potentially	

be	 used	 “off-the-shelf”	 in	 a	 clinical	 setting,	 could	 exert	 a	 similar	 therapeutic	 effect	 as	

autologous	MSCs-IL13	on	the	CPZ-associated	pathology	in	mice.	Given	the	capacity	of	IL13	to		
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prolong	MSC	allograft	survival	in	the	CNS	of	mice	[10],	the	immunomodulatory	cytokine	IL13	

may	 serve	 a	 dual	 purpose	 in	 alloMSC-transplanted	mice:	 the	 prolongation	 of	 in	 vivo	MSC	

allograft	survival	–and,	as	such,	the	intrinsic	secretion	of	MSC-associated	proteins–	as	well	as	

the	attenuation	of	CPZ-induced	demyelination/neuroinflammation	by	 IL13.	 In	our	previous	

experiments,	mice	were	 given	 a	 single	 autologous	MSC-IL13	 graft,	 at	 the	 right	 side	 of	 the	

splenium,	 and	 IL13’s	 beneficial	 effect	 was	 found	 to	 be	 restricted	 to	 the	 transplanted	

hemisphere	[9].	In	an	attempt	to	maximize	the	efficacy	of	our	therapeutic	intervention,	we	

here	 investigated	 whether	 a	 stronger	 and	 more	 widespread	 therapeutic	 effect	 could	 be	

achieved	 following	 a	 double	 injection	 (i.e.	 1	 injection	 site	 per	 brain	 hemisphere)	 of	

autologous/allogeneic	MSCs-IL13.	

4.2	MATERIALS	&	METHODS	

4.2.1	Mice	

Wild	type	C57BL/6	mice	were	purchased	from	Charles	River	Laboratories.	During	the	entire	

study,	mice	were	kept	in	the	animal	facility	of	the	University	of	Antwerp	(UA)	under	normal	

day-night	 cycle	 (12/12)	 with	 free	 access	 to	 food	 and	 water.	 All	 experimental	 procedures	

were	 approved	 by	 the	 ethical	 committee	 for	 animal	 experimentation	 at	 the	 University	 of	

Antwerp	(approval	no.	2015/46).	

4.2.2	Culture	of	genetically	engineered	MSCs	

In	 this	study,	we	used	previously	established	and	characterized	 IL13-expressing	autologous	

C57BL/6	 and	 allogeneic	 FVB	 mouse	 bone	 marrow	 (BM)-derived	 MSC	 lines	 [9,	 10].	 For	

expansion,	 both	 MSC	 lines	 were	 cultured	 in	 ‘complete	 expansion	 medium’	 (CEM)[14]	

consisting	 of	 Iscove’s	modified	Dulbecco’s	medium	 (IMDM;	 Lonza)	 supplemented	with	 8%	

fetal	 bovine	 serum	 (FBS;	 Invitrogen),	 8%	 horse	 serum	 (HS;	 Invitrogen),	 200	 U/ml	 +		

100	µg/ml	penicillin/streptomycin	(Invitrogen)	and	1	µg/ml	amphotericin	B	(Invitrogen).	The	

culture	 medium	 was	 further	 supplemented	 with	 5	 µg/ml	 or	 10	 µg/ml	 puromycin	 for	

autologous	 and	 allogeneic	 MSCs-IL13,	 respectively	 (InvivoGen).	 For	 both	 MSC	 lines,	

expression	of	IL13	was	confirmed	by	a	murine	IL13	ELISA	(Peprotech).	
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4.2.3	Cell	implantation	experiments	

All	 surgical	 experiments	were	 performed	 under	 sterile	 conditions,	 as	 previously	 described	

[15,	 16].	 Briefly,	 mice	 were	 anesthetized	 by	 an	 intraperitoneal	 injection	 of	 a	 ketamine		

(80	mg/kg,	Pfizer)	+	xylazine	(16	mg/kg,	Bayer	Health	Care)	mixture	in	0.9%	NaCl	(Baxter)	and	

placed	in	a	stereotactic	frame	(Stoelting).	A	midline	scalp	incision	was	made	and	a	hole	was	

drilled	 in	 the	skull	using	a	dental	drill	burr	 (Stoelting)	at	 the	 following	coordinates:	0.3mm	

dextra/sinistra	and	1.6mm	posterior	 from	bregma.	Next,	an	automatic	microinjector	pump	

(kdScientific)	with	a	10	µl	Hamilton	syringe	was	positioned	above	 the	exposed	dura.	A	30-

gauge	needle	 (Hamilton),	attached	to	the	syringe,	was	placed	through	the	 intact	dura	to	a	

depth	of	1.3	mm	in	CPZ-treated	mice	(directly	within	the	right/left	side	of	 the	splenium	of	

the	corpus	callosum).	After	2	minutes	of	pressure	equilibration,	a	suspension	of	2x104	MSCs	

in	a	volume	of	0.45	µl	was	injected	(in	each	of	the	hemispheres).	The	needle	was	retracted	

after	another	4	min	to	allow	pressure	equilibration	and	to	prevent	backflow	of	the	injected	

cell	suspension.	Next,	the	skin	was	sutured	(Ethilon,	Ethicon)	and	100	µl	0.9%	NaCl	solution	

was	administered	subcutaneously	 in	order	 to	prevent	dehydration	while	mice	were	placed	

under	a	heating	lamp	to	recover.	

4.2.4	Cuprizone	(CPZ)	mouse	model	

For	induction	of	CNS	inflammation	and	demyelination,	mice	received	standard	rodent	chow	

mixed	with	0.2%	w/w	CPZ	(Sigma-Aldrich)	for	4	weeks	between	the	ages	of	8	and	12	weeks,	

as	previously	described	[17-20].	

4.2.5	Magnetic	resonance	imaging	acquisition	

In	vivo	 imaging	experiments	were	conducted	at	400	MHz	on	a	7T	Pharmascan	MR	scanner	

(Bruker).	This	system	is	equipped	with	a	standard	Bruker	cross	coil	setup,	with	a	quadrature	

volume	 coil	 for	 excitation	 and	 an	 array	 mouse	 surface	 coil	 for	 signal	 detection.	 During	

imaging,	 mice	 were	 anesthetized	 using	 2%	 isoflurane	 (Isoflo;	 Abbott	 Laboratories)	 in	 a	

mixture	of	30%	O2	and	70%	N2O	at	a	flow	rate	of	600	mL/min.	Mice	were	fixed	in	an	animal	

restrainer	with	ear	bars	and	a	tooth	bar.	Respiratory	rate	was	continuously	monitored	and	

body	temperature	was	measured	and	maintained	constant	at	37°C	using	a	feedback	coupled	

warm	 air	 system	 (MR	 compatible	 Small	 Animal	 Monitoring	 and	 Gating	 System;	 SA	

instruments).	 T2	 values	 were	 acquired	 with	 the	Multi-Slice,	 Multi-Echo	 (MSME)	 sequence	

that	 is	 based	 on	 the	 Carr-Purcell-Meiboom-Gill	 (CPMG)	 sequence,	 where	 transverse	



CHAPTER	4	

88	

magnetization	of	 a	 90º	pulse	 is	 refocused	by	 a	 train	of	 180º	pulses	 generating	 a	 series	 of	

echoes.	For	the	study	setup,	the	following	parameters	were	used:	number	of	averages	(NA)	

=	1;	number	of	slices	(NS)	=	6	with	a	slice	thickness	of	0.4	mm	and	an	interslice	thickness	of	

0.4mm;	number	of	echoes	=	10	with	echo	spacing	=	8.7	ms	(echo	times	(TE)	being	8.7;	17;4;	

26.1;	 34.8;	 43.5;	 52;	 60.9;	 69.6;	 78.3;	 87);	 a	 repetition	 time	 (TR)	 =	 4000	ms;	 field	 of	 view	

(FOV)	=	2.5	x	2.5	cm;	matrix	size	=	256	x	256	(this	yields	an	effective	 in-plane	resolution	of	

0.098	x	0.098	mm).	The	total	acquisition	time	per	analysis	was	12	min	48	seconds.	

4.2.6	Magnetic	resonance	imaging	processing	

T2	maps	were	generated	with	custom-built	programs	written	in	MATLAB	(MATLAB	R2011b,	

The	MathWorks	 Inc.)	using	a	monoexponential	 fit	 function	[y=	A+C*exp	(-t/T2)],	where	A	=	

Absolute	bias,	C	=	signal	intensity,	T2	=	transverse	relaxation	time.	Regions	of	interest	(ROIs)	

were	 drawn	manually	 on	 the	 T2-weighted	 images,	 according	 to	 a	mouse	 brain	 atlas,	with	

AMIRA	 software	 (Mercury	 Computer	 systems)	 and	 regional	 average	 T2	 values	 were	

calculated.	ROIs	included	the	external	capsule	(EC)	and	the	splenium	of	the	corpus	callosum	

(CC).	

4.2.7	Immunofluorescence	analysis	

All	 immunofluorescence	 analyses	 were	 performed	 according	 to	 previously	 described	

procedures	 [16,	 21].	 Mice	 were	 transcardially	 perfused	 with	 0.9%	 NaCl	 solution	 and	

perfused-fixed	with	4%	paraformaldehyde	(PFA).	Next,	brains	were	surgically	removed,	post-

fixed	 in	 4%	 PFA	 for	 2.5h,	 and	 dehydrated	 with	 a	 sucrose	 gradient	 (5%,	 10%	 and	 20%).	

Following	dehydration,	brain	tissue	was	snap-frozen	in	liquid	nitrogen	and	kept	at	-80°C	until	

further	processing.	Ten	µm-thick	cryosections	were	made	using	a	microm	HM500	cryostat.	

Immunofluorescence	 staining	was	 performed	 on	 brain	 slides	 using	 the	 following	 antibody	

combinations:	 a	 primary	 chicken	 anti-MBP	 antibody	 (0.5	 µg/ml,	Millipore,	 AB9348)	with	 a	

secondary	donkey	anti-chicken	Cy3-labeled	antibody	(7.5	µg/ml,	 Jackson	 ImmunoResearch,	

703-166-155);	 a	 primary	 mouse	 anti-CC-1	 antibody	 (0.5	 µg/ml,	 Millipore,	 OP80)	 with	 a	

secondary	goat	anti-mouse	Alexa	Fluor	555-labeled	antibody	(2	µg/ml,	Invitrogen,	A21425);	

a	primary	rat	anti-F4/80	antibody	(4	µg/ml,	AbD	Serotec,	MCA497GA)	with	a	secondary	goat	

anti-rat	Alexa	Fluor	555-labeled		antibody	(2	µg/ml,	Invitrogen,	A21434);	and	a	primary	goat	

anti-Arg1	antibody	(4	µg/ml,	Santa	Cruz,	sc-18354)	with	a	secondary	donkey	anti-goat	Alexa	

Fluor	555-labeled	antibody	(10	µg/ml,	Invitrogen,	A21432).	
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4.2.8	Histological	quantification	

Quantitative	analyses	of	demyelination	were	performed	using	NIH	ImageJ	analysis	software	

(v1.47),	 according	 to	previously	 established	procedures	 [21,	 22].	Briefly,	 the	 splenium	was	

delineated	 and	 images	 were	 converted	 to	 black	 and	 white.	 For	 each	 image,	 the	 %	 MBP	

coverage	within	 the	 splenium	was	determined	by	calculating	 the	overall	 ‘grayscale’	of	 this	

region	 (0:	 no	 pixels	 stained	 –	 255:	 all	 pixels	 stained)	 and	 converting	 this	 value	 into	 a	

percentage	(0-100%).	

4.2.9	Statistical	analyses	

Comparisons	 of	 T2-relaxation	 times	 and	MBP	 coverage	percentages	 between	 the	 different	

groups	 were	 performed	 by	 one-way	 ANOVA	 with	 subsequent	 post-hoc	 testing	 (Tukey’s	

multiple	 comparisons	 test).	 All	 statistical	 analyses	 were	 performed	 in	 GraphPad	 Prism	

(version	6).	P	values	<	0.05	were	considered	statistically	significant:	*	p	<	0.05;	**	p	<	0.01;	

***	p	<	0.001;	****	p	<	0.001.	

4.3	RESULTS	

4.3.1	Non-invasive	 T2-weighted	MRI	 reveals	 a	 protective	 effect	 against	 CPZ-induced	 CNS	

inflammation	 and	 demyelination	 following	 grafting	 of	 autologous	 and	 allogeneic	 IL13-

producing	MSCs	

In	order	to	compare	the	therapeutic	potential	of	autologous	and	allogeneic	MSCs-IL13	in	the	

CPZ	mouse	model,	wild	 type	C57BL/6	mice	were	divided	over	 four	experimental	groups:	a	

healthy	control	group	(n	=	10)	that	received	standard	rodent	chow	for	4	weeks;	a	CPZ	control	

group	(n	=	10)	that	received	4	weeks	of	CPZ-supplemented	diet;	a	CPZ	+	autoMSC-IL13	group	

(n	=	10)	that	received	4	weeks	of	CPZ-supplemented	diet	and	2	targeted	cell	injections	with	

autologous	MSCs-IL13;	 and	 a	 CPZ	 +	 alloMSC-IL13	 group	 (n	 =	 10)	 that	 received	 4	weeks	 of	

CPZ-supplemented	 diet	 and	 2	 cell	 injections	 with	 allogeneic	 MSCs-IL13.	 Cells	 were	

reproducibly	targeted	to	both	the	right	and	left	sides	of	the	splenium	of	the	corpus	callosum	

(further	 referred	 to	as	 ‘splenium’)	and	were	grafted	on	 the	 first	day	of	CPZ-supplemented	

diet	administration.	Following	4	weeks	of	CPZ	intake,	non-invasive	T2-weighted	MRI	revealed	

hyperintense	signals	in	the	splenium	(i.e.	our	region	of	interest)	and	the	external	capsule	(EC,	

i.e.	an	 internal	 control	 region)	of	non-injected	CPZ-treated	mice,	a	 finding	not	observed	 in	

healthy		control	animals,	indicating		the	presence	of	local		neuroinflammation/demyelination	
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Figure	 4.1:	 T2-weighted	MRI	 reveals	 a	 neuroprotective	 effect	 of	 both	 autologous	 and	 allogeneic	MSC-IL13	
transplantation	in	the	splenium	of	CPZ-treated	mice.		
(A)	 Left	 side:	 dot	 plot	 showing	 T2-relaxation	 times	 of	 the	 splenium	 of	 the	 corpus	 callosum	 (CC)	 of	 healthy	
control	mice	(n=10),	CPZ-treated	mice	(CPZ	control,	n=10),	autologous	MSC-IL13	grafted	mice	(CPZ	+	autoMSC-
IL13,	n=10)	and	allogeneic	MSC-IL13	grafted	mice	(CPZ	+	alloMSC-IL13,	n=10).	Each	data	point	corresponds	to	
the	 T2	 value	 of	 an	 individual	 mouse,	 whereas	 horizontal	 lines	 represent	 the	 average	 T2	 values	 for	 each	
experimental	group.	Right	side:	representative	MRI	images	demonstrating	alterations	in	signal	intensity	in	the	
splenium	of	 the	CC	 (area	 indicated	by	a	 rectangle).	 (B)	 Left	 side:	dot	plot	 showing	T2-relaxation	 times	of	 the	
external	capsule	(EC)	of	all	experimental	groups.	Each	data	point	corresponds	to	the	T2	value	of	an	 individual	
mouse,	 whereas	 horizontal	 lines	 display	 the	 average	 T2	 values	 for	 each	 experimental	 group.	 Right	 side:	
representative	MRI	 images	 demonstrating	 alterations	 in	 signal	 intensity	 in	 EC	 (area	 indicated	 by	 an	 arrow).		
*	p	<	0.05;	**	p	<	0.01;	****	p	<	0.0001	
	
	
in	 CPZ-treated	 mice	 (figure	 4.1).	 This	 is	 also	 reflected	 by	 a	 significant	 elevation	 in	 T2	

relaxation	 times	 in	 non-injected	 CPZ-treated	 (CPZ	 control)	 mice	 compared	 to	 healthy	

controls	(figure	4.1,	p<0.0001	for	both	regions).	Grafting	of	either	autologous	or	allogeneic	

MSCs-IL13	(autoMSC-IL13	and	alloMSC-IL13,	respectively)	had	a	protective	effect	on	the	CPZ-

associated	 pathology	 at	 the	 level	 of	 the	 splenium,	 evidenced	 by	 significantly	 lower	 T2	
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relaxation	 times	 in	 the	 splenium	 of	 these	 experimental	 groups	 (figure	 4.1A,	 CPZ	 control		

vs.	 CPZ	 +	 autoMSC-IL13:	 p<0.0001;	 CPZ	 control	 vs.	 CPZ	 +	 alloMSC-IL13:	 p=0.0035).	 The	

therapeutic	effect	of	MSC-IL13	transplantation	could	also	be	identified	on	the	representative	

MRI	 images	 provided	 in	 figure	 4.1A,	 as	 the	 splenium	 of	MSC-IL13	 grafted	mice	 does	 not	

display	 regions	 of	 signal	 hyperintensity	 comparable	 to	 those	 seen	 in	 CPZ	 control	 mice.	

Although	both	autologous	and	allogeneic	IL13-expressing	cell	grafts	had	a	therapeutic	effect	

on	the	CPZ-associated	pathology	at	the	level	of	the	splenium,	this	neuroprotective	effect	was	

most	 pronounced	 following	 autoMSC-IL13	 grafting	 (figure	 4.1A,	 healthy	 control	 vs.	 CPZ	 +	

autoMSC-IL13:	p>0.9999;	healthy	control	vs.	CPZ	+	alloMSC-IL13:	p=0.0416;	CPZ	+	autoMSC-

IL13	 vs.	 CPZ	 +	 alloMSC-IL13:	 p=0.0425).	 For	 both	 MSC-IL13	 grafted	 groups,	 T2	 relaxation	

times	of	 the	EC	 remained	high	and	were	not	 significantly	different	 from	those	obtained	 in	

CPZ	control	mice	(figure	4.1B,	CPZ	vs.	CPZ	+	autoMSC-IL13:	p=0.1862;	CPZ	vs.	CPZ	+	alloMSC-

IL13:	 p=0.9910),	 indicating	 that	 the	 protective	 effect	 seen	 in	 the	 splenium	 of	 cell	

transplanted	mice	is	a	direct	result	of	the	performed	therapeutic	intervention	and	is	not	due	

to	model	failure	and/or	model	variation.	

4.3.2	 Histological	 evaluation	 confirms	 protection	 against	 CPZ-induced	 CNS	 inflammation	

and	demyelination	by	both	autologous	and	allogeneic	MSCs-IL13	

In	 order	 to	 validate	 and	 further	 extend	 our	 MRI	 findings,	 we	 additionally	 performed	

immunofluorescent	 stainings	 for	 myelin	 basic	 protein	 (MBP),	 oligodendrocytes	 (CC-1),	

activated	microglia/macrophages	(F4/80)	and	M2-oriented	microglia/macrophages	(Arg1)	at	

the	level	of	the	splenium.	In	agreement	with	our	MRI	data,	histological	analysis	revealed	that	

CPZ	 control	 mice	 displayed	 severe	 demyelination	 of	 the	 splenium	 and	 a	 massive	

accumulation	 of	 activated	 F4/80+	 cells	 in	 these	 demyelinating	 lesions	 (figure	 4.2:	 MBP	 &	

F4/80;	figure	4.3,	healthy	control	vs.	CPZ	control:	p<0.0001).	Furthermore,	the	splenium	of	

these	 CPZ-treated	 mice	 was	 characterized	 by	 the	 presence	 of	 very	 few	 CC-1+	

oligodendrocytes,	indicative	of	this	cell	type’s	sensitivity	to	CPZ	toxicity	(figure	4.2:	CC-1).	In	

mice	 grafted	 with	 MSCs-IL13	 of	 either	 autologous	 or	 allogeneic	 origin,	 absence	 of	 MBP	

staining	was	(mainly)	restricted	to	the	graft	sites,	as	myelin	fibers	are	locally	pushed	away	to	

accommodate	 the	 cellular	 grafts	 (figure	 4.2:	 MBP),	 a	 phenomenon	 which	 we	 previously	

already	 observed	 following	 grafting	 of	 embryonic	 fibroblasts	 [18].	 Quantification	 of	 the	

degree	of	myelination		of		the		splenium		revealed		that		autologous	and		allogeneic	MSC-IL13		
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Figure	 4.2:	 Histological	 analysis	 of	 the	 splenium	 of	 the	 corpus	 callosum	 confirms	 the	 presence	 of	 a	
therapeutic	 effect	 following	 autologous	 or	 allogeneic	 MSC-IL13	 transplantation	 in	 CPZ-treated	 mice.	
Representative	immunofluorescence	images	of	the	splenium	of	the	corpus	callosum	4	weeks	after	the	start	of	
CPZ	intoxication	and,	if	applicable,	cell	transplantation.	Brain	sections	were	stained	for	the	presence	of	myelin	
(MBP),	 CC-1+	 oligodendrocytes,	 F4/80+	 activated	 microglia/macrophages,	 and	 Arg1+	 M2a-activated	
microglia/macrophages.	 Scale	 bars	 indicate	 200	 µm	 in	 the	 first,	 third	 and	 bottom	 rows,	 and	 100	 µm	 in	 the	
second	row.		
	

grafts	were	equally	successful	at	providing	protection	against	CPZ-induced	demyelination	of	

the	splenium	(figure	4.3,	CPZ	vs.	CPZ	+	autoMSC-IL13:	p<0.0182;	CPZ	vs.	CPZ	+	alloMSC-IL13:	

p<0.0159).	 In	 agreement	 with	 the	 higher	 degree	 of	 myelination	 in	 these	 mice,	 CC-1+	

oligodendrocytes	 were	 abundantly	 present	 in	 the	 splenium	 of	 auto/alloMSC-IL13	 grafted	

subjects	 (figure	4.2:	CC-1).	 Transplantation	of	either	autologous	or	allogeneic	MSCs-IL13	 is	

thus	 capable	 to	 effectively	 interfere	 with	 CPZ-induced	 oligodendrocyte	 death	 and	

subsequent	 demyelination.	Moreover,	 autologous/allogeneic	MSC-IL13	 grafting	was	 found	

to	 reduce	 CPZ-induced	 accumulation	 of	 F4/80+	 cells	 in	 the	 splenium	 (figure	 4.2:	 F4/80).	

Although	effective	at	limiting	the	overall	recruitment	of	(pathology-associated)	inflammatory	

cells,	 F4/80+	 cells	 were	 found	 in	 and	 around	 the	 (remainder	 of	 the)	 cellular	 grafts.		
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(Part	of)	these	graft-associated	microglia/macrophages	stained	positive	for	Arg1,	 indicating	

that	 MSC-IL13	 grafts	 effectively	 promoted	 the	 M2a	 activation	 phenotype	 in	 these	 cells	

(figure	4.2:	Arg1).	Four	weeks	after	transplantation,	a	better	cellular	survival	was	observed	

for	 autologous	 MSCs-IL13	 than	 for	 allogeneic	 MSCs-IL13.	 Correspondingly,	 fewer	 graft-

associated	F4/80+	and	Arg1+	inflammatory	cells	were	detected	in	allografted	mice	(figure	4.2:	

F4/80	&	Arg1).	

	
Figure	4.3:	AutoMSC-IL13	and	alloMSC-IL13	transplanted	mice	display	comparable	levels	of	myelin	coverage	
of	 the	 splenium	 following	 4	 weeks	 of	 CPZ	 treatment.	 Dot	 plot	 representing	 the	 percentage	 coverage	 of	
myelin-specific	 (MBP)	staining	 in	 the	splenium	of	 the	corpus	callosum.	Each	data	point	corresponds	to	the	%	
MBP	 coverage	 of	 an	 individual	 mouse,	 whereas	 horizontal	 lines	 display	 the	 average	 percentages	 of	 each	
experimental	group.	*	p	<	0.05	

4.4	DISCUSSION	

In	many	CNS	pathologies,	both	classically	and	alternatively	activated	macrophages/microglia	

have	been	found	to	accumulate	at	lesion	sites.	Although	both	activation	phenotypes	play	a	

crucial	role	in	CNS	protection	and	the	maintenance	of	tissue	homeostasis,	neural	damage	is	

usually	the	result	of	an	 imbalance	between	both	phenotypes,	 i.e.	when	‘pro-inflammatory’	

M1	 macrophages/microglia	 greatly	 outnumber	 ‘anti-inflammatory’	 M2	 macrophages/	

microglia	[6].	In	an	attempt	to	restore	tissue	homeostasis	in	inflammatory	CNS	pathologies,	

previous	experiments	within	our	laboratory	have	investigated	the	potential	of	IL13-mediated	

immune	 modulation	 to	 shift	 the	 M1/M2	 balance	 towards	 a	 predominantly	 M2-oriented	

macrophage/microglia	phenotype	[8,	9,	23].	These	studies	revealed	that	the	local,	sustained	

production	 of	 IL13	 (achieved	 through	 lentiviral	 vector	 transduction	 or	 through	

transplantation	 of	 autologous	 IL3-producing	 carrier	 cells)	 was	 an	 effective	 approach	 to	
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modulate	 pathology-associated	 CNS	 immune	 responses	 in	 mouse	 models	 of	 MS	 [8-10],	

spinal	cord	injury	[23]	and	stroke	(manuscript	in	preparation).	In	the	current	study,	we	show	

that	 allogeneic	MSCs	 should	also	be	 considered,	 alongside	 LVs	and	autologous	MSCs,	 as	 a	

potential	delivery	method	for	therapeutic	proteins	such	as	IL13.	Although	not	as	effective	at	

preventing	CPZ-induced	neuroinflammation	and/or	demyelination	as	autologous	MSCs-IL13	

(figure	4.1),	allogeneic	 cells	have	significant	advantages	 regarding	clinical	applicability.	The	

observed	 difference	 in	 therapeutic	 efficacy	 between	 autologous	 and	 allogeneic	 IL13-

expressing	MSCs	 is	 likely	 caused	 by	 the	 immunological	 recognition/rejection	 of	 the	 latter	

[10],	resulting	in	shorter	survival	times	in	vivo.	Nevertheless,	since	histological	quantification	

did	not	 reveal	 significant	differences	between	 the	protective	 action	of	 autoMSCs-IL13	and	

alloMSCs-IL13	on	demyelination	 (figure	4.3),	 the	difference	 in	 therapeutic	 efficacy	of	 both	

cell	 types	may	 not	 be	 so	 significant	 after	 all	 (although	 this	 remains	 to	 be	 confirmed	with	

electron	microscopy	 in	order	to	verify	myelin	 integrity	on	a	molecular	 level).	Contrary	to	a	

preceding	study	of	ours	in	which	the	beneficial	effect	of	IL13	was	restricted	to	the	autoMSC-

IL13	grafted	hemisphere	[9],	this	new	study	additionally	provided	evidence	that	grafting	of	

MSCs-IL13	 at	 both	 sides	 of	 the	 splenium	 effectively	 prevented	 demyelination	 and	

microgliosis	throughout	the	entire	splenium	(figures	4.1	&	4.2).	These	findings	thus	confirm	

our	 proposed	 hypothesis	 that	MSC-IL13	 grafting	 on	 both	 sides	 of	 the	 splenium	 induces	 a	

stronger	 and	 more	 widespread	 therapeutic	 effect	 than	 can	 be	 achieved	 following	

transplantation	of	MSCs-IL13	at	a	single	site.		

4.5	CONCLUSION	

In	agreement	with	previous	findings	by	our	laboratory,	we	here	describe	that	the	sustained	

production	 of	 IL13	 by	 grafted	MSCs,	 potentially	 aided	 by	 the	 appearance	 of	 alternatively	

activated	microglia/macrophages	 at	 the	MSC	 graft	 site,	 effectively	 prevented	microgliosis,	

oligodendrocyte	 death	 and	 demyelination	 in	 the	 CPZ	 mouse	 model.	 Using	 a	 multimodal	

imaging	 approach,	 we	 could	 demonstrate	 that	 transplantation	 of	 both	 autologous	 and	

allogeneic	 IL13-expressing	 MSCs	 displayed	 a	 beneficial	 effect	 on	 the	 CPZ-associated	

pathology,	but	that	this	protective	effect	of	MSCs-IL13	was	greatest	following	autologous	cell	

transplantation.	 Nevertheless,	 further	 experimentation	 is	 warranted	 to	 establish	 the	

biological	 significance	 of	 this	 observed	 difference	 and	 to	 unravel	 the	 exact	 working	

mechanism	of	IL13-mediated	neuroprotection.		 	



COMPARATIVE	ANALYSIS	OF	AUTOLOGOUS	AND	ALLOGENEIC	MSC	TRANSPLANTATION	FOR	IN	SITU	IL13	DELIVERY	

	 	 95	

	

4.6	REFERENCES	

1.	 Lucas	SM,	Rothwell	NJ,	Gibson	RM.	The	role	of	 inflammation	in	CNS	injury	and	disease.	Br	J	
Pharmacol.	2006;147	Suppl	1:S232-240.	

2.	 Zhou	 X,	 He	 X,	 Ren	 Y.	 Function	 of	 microglia	 and	 macrophages	 in	 secondary	 damage	 after	
spinal	cord	injury.	Neural	Regen	Res.	2014;9:1787-1795.	

3.	 Mosser	 DM,	 Edwards	 JP.	 Exploring	 the	 full	 spectrum	 of	 macrophage	 activation.	 Nat	 Rev	
Immunol.	2008;8:958-969.	

4.	 Tang	Y,	Le	W.	Differential	roles	of	M1	and	M2	microglia	in	neurodegenerative	diseases.	Mol	
Neurobiol.	2016;53:1181-1194.	

5.	 Hemmer	B,	Kerschensteiner	M,	Korn	T.	Role	of	the	innate	and	adaptive	immune	responses	in	
the	course	of	multiple	sclerosis.	Lancet	Neurol.	2015;14:406-419.	

6.	 Kigerl	KA,	Gensel	JC,	Ankeny	DP	et	al.	Identification	of	two	distinct	macrophage	subsets	with	
divergent	 effects	 causing	 either	 neurotoxicity	 or	 regeneration	 in	 the	 injured	 mouse	 spinal	
cord.	J	Neurosci.	2009;29:13435-13444.	

7.	 Shechter	 R,	 Schwartz	 M.	 Harnessing	 monocyte-derived	 macrophages	 to	 control	 central	
nervous	system	pathologies:	no	longer	'if'	but	'how'.	J	Pathol.	2013;229:332-346.	

8.	 Guglielmetti	C,	Le	Blon	D,	Santermans	E	et	al.	 Interleukin-13	immune	gene	therapy	prevents	
CNS	 inflammation	 and	 demyelination	 via	 alternative	 activation	 of	 microglia	 and	
macrophages.	Glia.	2016;64:2181-2200.	

9.	 Le	Blon	D,	Guglielmetti	C,	Hoornaert	C	et	al.	 Intracerebral	transplantation	of	 interleukin	13-
producing	 mesenchymal	 stem	 cells	 limits	 microgliosis,	 oligodendrocyte	 loss	 and	
demyelination	in	the	cuprizone	mouse	model.	J	Neuroinflamm.	2016;13:288	

10.	 Hoornaert	 CJ,	 Luyckx	 E,	 Reekmans	 K	 et	 al.	 In	 vivo	 interleukin-13-primed	 macrophages	
contribute	 to	 reduced	 alloantigen-specific	 T	 cell	 activation	 and	 prolong	 immunological	
survival	of	allogeneic	mesenchymal	stem	cell	implants.	STEM	CELLS.	2016;34:1971-1984.	

11.	 Praet	 J,	 Guglielmetti	 C,	 Berneman	 Z	 et	 al.	 Cellular	 and	 molecular	 neuropathology	 of	 the	
cuprizone	 mouse	 model:	 clinical	 relevance	 for	 multiple	 sclerosis.	 Neurosci	 Biobehav	 R.	
2014;47:485-505.	

12.	 Caplan	AI.	Why	are	MSCs	therapeutic?	New	data:	new	insight.	J	Pathol.	2009;217:318-324.	

13.	 Sun	L,	Akiyama	K,	Zhang	H	et	al.	Mesenchymal	stem	cell	transplantation	reverses	multiorgan	
dysfunction	 in	 systemic	 lupus	 erythematosus	mice	 and	 humans.	 STEM	 CELLS.	 2009;27:1421-
1432.	

14.	 Bergwerf	 I,	De	Vocht	N,	Tambuyzer	B	et	al.	Reporter	gene-expressing	bone	marrow-derived	
stromal	 cells	are	 immune-tolerated	 following	 implantation	 in	 the	 central	nervous	 system	of	
syngeneic	immunocompetent	mice.	BMC	Biotechnol.	2009;9:1.	

15.	 Tambuyzer	 BR,	 Bergwerf	 I,	 De	 Vocht	 N	 et	 al.	Allogeneic	 stromal	 cell	 implantation	 in	 brain	
tissue	leads	to	robust	microglial	activation.	Immunol	Cell	Biol.	2009;87:267-273.	

16.	 Praet	J,	Santermans	E,	Reekmans	K	et	al.	Histological	characterization	and	quantification	of	
cellular	 events	 following	 neural	 and	 fibroblast(-like)	 stem	 cell	 grafting	 in	 healthy	 and	
demyelinated	CNS	tissue.	Methods	Mol	Biol.	2014;1213:265-283.	

17.	 Guglielmetti	C,	Praet	J,	Rangarajan	JR	et	al.	Multimodal	imaging	of	subventricular	zone	neural	
stem/progenitor	 cells	 in	 the	 cuprizone	mouse	model	 reveals	 increased	neurogenic	potential	
for	the	olfactory	bulb	pathway,	but	no	contribution	to	remyelination	of	the	corpus	callosum.	
NeuroImage.	2014;86:99-110.	



CHAPTER	4	

96	

	

	

18.	 Praet	 J,	Reekmans	K,	Lin	D	et	al.	Cell	 type-associated	differences	 in	migration,	 survival,	and	
immunogenicity	following	grafting	in	CNS	tissue.	Cell	Transplant.	2012;21:1867-1881.	

19.	 Praet	J,	Orije	J,	Kara	F	et	al.	Cuprizone-induced	demyelination	and	demyelination-associated	
inflammation	 result	 in	 different	 proton	 magnetic	 resonance	 metabolite	 spectra.	 NMR	
Biomed.	2015;28:505-513.	

20.	 Orije	 J,	 Kara	 F,	 Guglielmetti	 C	 et	 al.	 Longitudinal	 monitoring	 of	 metabolic	 alterations	 in	
cuprizone	 mouse	 model	 of	 multiple	 sclerosis	 using	 1H-magnetic	 resonance	 spectroscopy.	
NeuroImage.	2015;114:128-135.	

21.	 Reekmans	K,	De	Vocht	N,	Praet	 J	 et	 al.	Quantitative	evaluation	of	 stem	cell	 grafting	 in	 the	
central	 nervous	 system	 of	 mice	 by	 in	 vivo	 bioluminescence	 imaging	 and	 postmortem	
multicolor	histological	analysis.	Methods	Mol	Biol.	2013;1052:125-141.	

22.	 Praet	J,	Santermans	E,	Daans	J	et	al.	Early	 inflammatory	responses	following	cell	grafting	 in	
the	CNS	trigger	activation	of	the	sub-ventricular	zone:	a	proposed	model	of	sequential	cellular	
events.	Cell	Transplant.	2014.	

23.	 Dooley	D,	 Lemmens	 E,	 Vangansewinkel	 T	 et	 al.	Cell-based	 delivery	 of	 interleukin-13	 directs	
alternative	activation	of	macrophages	resulting	 in	 improved	functional	outcome	after	spinal	
cord	injury.	Stem	Cell	Reports.	2016;7:1099-1115.	



	

	



	

	 	



	

	 	 99	

	

	

	

	

CHAPTER	5	

	GENERAL	CONCLUSION	AND	FUTURE	PERSPECTIVES	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	



	

100	



GENERAL	CONCLUSION	&	FUTURE	PERSPECTIVES	

	 	 101	

5.1	BRIEF	OVERVIEW	OF	THE	OBTAINED	RESULTS	

In	this	work,	we	confirmed	the	(widely	accepted)	 in	vitro	 immunomodulatory	properties	of	

allogeneic	 MSCs	 on	 antigen-presenting	 cells	 using	 standard	 co-culture	 experiments,	 but	

found	that	allogeneic	MSC	grafts	were	–nevertheless–	rapidly	rejected	by	the	host’s	immune	

system	 upon	 in	 vivo	 administration.	 Genetic	 engineering	 of	 allogeneic	 MSCs	 with	 the	

immunomodulatory	cytokine	IL13	was	capable	to	significantly	modulate	innate	and	adaptive	

alloMSC-specific	 immune	responses	 in	vivo,	ultimately	resulting	 in	prolonged	MSC	allograft	

survival	following	both	intramuscular	and	intracerebral	cell	transplantation.	Specifically,	we	

found	 that	 IL13-mediated	 immune	 modulation	 induced	 an	 alternatively	 activated	

macrophage	 phenotype	 and,	 in	 the	 event	 of	 intramuscular	 MSC-IL13	 transplantation,	

suppressed	 the	 activation	 of	 alloreactive	 T	 cells.	 In	 a	 final	 therapeutic	 cell	 grafting	

experiment,	 we	 compared	 the	 neuroprotective	 effect	 of	 autologous	 and	 allogeneic	 IL13-

expressing	MSC	 grafts	 in	 the	 CPZ	 mouse	 model	 of	 CNS	 demyelination	 and	 inflammation.	

Here,	we	demonstrated	 that	 the	production	of	 IL13	–potentially	aided	by	 the	 induction	of	

alternatively	activated	macrophages/microglia	at	the	MSC	graft	site–	by	both	autologous	and	

allogeneic	 MSC-IL13	 grafts	 effectively	 limited	 microgliosis,	 oligodendrocyte	 death	 and	

demyelination	in	CPZ-intoxicated	animals.	

5.2	SCIENTIFIC	IMPLICATIONS	OF	THIS	THESIS	

5.2.1	Immunogenicity	of	allogeneic	MSCs	

Due	 to	 their	 widely	 suggested	 capacity	 for	 immunomodulation,	 MSCs	 have	 long	 been	

regarded	as	hypoimmunogenic	cells	 that	can	be	 transplanted	across	MHC	barriers	without	

evoking	immunological	rejection.	Although	the	validity	of	this	“universal	donor”	hypothesis	

was	 quickly	 called	 into	 question	 by	 the	 growing	 body	 of	 evidence	 illustrating	 MSC	

immunogenicity	 in	 vivo	 [1],	 (long-term)	 clinical	 benefit	 following	 MSC-mediated	

immunomodulatory	therapies	is	still	too	often	considered	as	sufficient	proof	of	MSC	immune	

privilege.	Furthermore,	most	of	these	“clinical	benefit”-claiming	transplantation	studies	lack	

an	 in-depth	analysis	of	the	 in	vivo	 fate	and	function	of	the	transplanted	cells,	complicating	

the	objective	assessment	of	MSC	immunogenicity	[2,	3].	In	this	thesis,	we	present	compelling	

evidence	 showing	 the	 immunological	 rejection	of	 allogeneic	MSCs	 following	 intramuscular	

and	intracerebral	transplantation	in	healthy,	immunocompetent	mice	(chapter	3).	Although	

we	 do	 not	 exclude	 the	 possibility	 that	 MHC-mismatched	 MSCs	 can	 induce	 long-term	



CHAPTER	5	

102	

therapeutic	effects	following	transplantation	(e.g.	through	the	release	of	trophic	factors	that	

stimulate	 endogenous	 repair	mechanisms),	 we	 do	wish	 to	 stress	 that	 allogeneic	 –and,	 by	

extension,	 xenogeneic–	MSCs	 are	 actively	 recognized	 and	 rejected	 by	 the	 host’s	 immune	

system.	 Furthermore,	 we	 found	 that	 the	 recognition/rejection	 process	 of	 MSC	 allografts	

following	 intramuscular	 and	 intracerebral	 transplantation	 is	 orchestrated	 by	 different	

immune	recognition	mechanisms,	validating	previous	findings	by	our	laboratory	[4].	

5.2.2	IL13	as	a	tool	to	prolong	in	vivo	allograft	survival	

Although	it	has	yet	to	be	clinically	proven	that	improved	MSC	persistence	leads	to	enhanced	

efficacy	of	MSC-based	treatments,	conventional	wisdom	suggests	that	prolonged	in	vivo	cell	

graft	survival	goes	hand	in	hand	with	improved	therapeutic	outcome.	Since	we	established	

that	 allogeneic	 MSCs	 trigger	 an	 immunological	 rejection	 reaction	 upon	 in	 vivo	

administration,	 we	 next	 considered	 experimental	 approaches	 that	 could	 (potentially)	

modulate	 immune	 recognition	mechanisms	 in	 favor	of	prolonged	 in	 vivo	 allograft	 survival.	

Here,	 we	 describe	 that	 IL13-mediated	 forced	M2a	 polarization	 of	 macrophages/microglia		

–and,	 in	 case	 of	 intramuscular	 cell	 grafting,	 a	 coinciding	 reduction	 in	 Th1	 activation	 of	

peripheral	T	lymphocytes–	enhanced	MSC	allograft	persistence	in	vivo	(chapter	3).	Although	

IL13-mediated	 immunomodulation	 could	 significantly	 extend	 allograft	 survival,	 it	 is		

–unfortunately–	 unlikely	 that	 allogeneic	MSC-IL13	 graft	 persistence	 will	 ever	 approximate	

the	 survival	 times	 seen	 for	 autologous	 MSC	 grafts	 (i.e.	 at	 least	 4	 weeks)	 [5].	 Therefore,	

allogeneic	 MSCs-IL13	 may	 not	 be	 the	 cellular	 delivery	 vehicle	 of	 choice	 when	 long-term	

production	of	a	therapeutic	protein	is	aspired	(e.g.	sustained	production	of	factor	VIII	for	the	

treatment	of	hemophilia	A).	Nevertheless,	clinical	applications	relying	on	the	supportive	and	

regenerative	 functions	 of	 MSCs	 may	 still	 greatly	 benefit	 from	 an	 extended	 therapeutic	

window	of	allogeneic	MSC-IL13	grafts.	

5.2.3	IL13	as	a	modulator	of	neuroinflammatory	responses	

In	the	final	part	of	this	thesis,	we	demonstrate	that	transplantation	of	both	autologous	and	

allogeneic	IL13-expressing	MSCs	can	significantly	limit	focal	inflammation	and	demyelination	

in	 the	splenium	of	CPZ-intoxicated	mice	 (chapter	4).	Specifically,	 the	production	of	 IL13	by	

grafted	 MSCs	 –potentially	 aided	 by	 the	 induction	 of	 alternatively	 activated	

macrophages/microglia	 at	 the	 MSC	 graft	 site–	 effectively	 prevented	 microgliosis,	

oligodendrocyte	death	and	demyelination.	 IL13	has	previously	 also	been	 found	 capable	 to	
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suppress	the	development	of	experimental	autoimmune	encephalopathy	(EAE,	 i.e.	another	

widely	 studied	 animal	 model	 for	 MS)	 through	 the	 modulation	 of	 macrophage/microglia	

effector	functions	[6].	Likewise,	targeted	delivery	of	IL4,	i.e.	a	Th2	cytokine	sharing	many	of	

IL13’s	 functions,	was	also	 found	 to	have	a	protective	effect	 in	CPZ-treated	mice	 [7].	These	

findings	jointly	support	the	notion	that	(neuro)inflammatory	pathologies	may	greatly	benefit	

from	therapeutic	modulation,	rather	than	induced	suppression,	of	immune	effector	cells	[8,	

9].	Although	the	current	experimental	setup	did	not	allow	us	to	discriminate	between	brain-

resident	microglia	and	blood-borne	macrophages,	we	previously	established	 that	both	 cell	

types	display	a	distinct	spatial	distribution	following	MSC	grafting	and/or	CPZ	intoxication	[7,	

10-12].	These	studies	revealed	that	inflammatory	CPZ	lesions	are	predominantly	composed	

of	 activated	 microglia,	 whereas	 MSC	 cell	 grafts	 are	 infiltrated,	 for	 the	 most	 part,	 by	

peripheral	macrophages	and	encapsulated	by	microglia	and	astrocytes.	Although	the	exact	

working	 mechanism	 of	 IL13-mediated	 neuroprotection	 remains	 to	 be	 elucidated,	 we	

hypothesize	that	MSC-derived	IL13	forces	graft-associated	macrophages	(and	microglia)	into	

an	M2a	alternative	activation	state	while	causing	direct	apoptosis	of	activated	microglia	 in	

the	 splenium,	 resulting	 in	 reduced	 lesion-associated	 microgliosis	 (figure	 4.2)	 and,	

consequently,	reduced	(microglia-mediated)	oligodendrocyte	death/demyelination	[13].		

5.3	DELIVERY	METHODS	FOR	IL13	IN	THE	CNS	

In	order	to	achieve	IL13-mediated	immunomodulation	and/or	neuroprotection	in	vivo,	three	

fundamentally	 different	 delivery	methods	 for	 IL13	 can	be	 explored:	 protein	 therapy,	 gene	

therapy	 and	 cell	 therapy.	 In	 the	 first	 instance,	 IL13	 protein	 is	 administered	 in	 vivo	 (either	

locally	 or	 systemically)	 which	 can	 readily	 exert	 its	 therapeutic	 effect.	 Although		

–theoretically–	 the	 most	 straightforward	 approach,	 direct	 protein	 infusion	 has	 a	 major	

drawback:	the	limited	half-life	of	proteins.	As	a	result,	repeated	protein	administrations	are	

usually	required	to	prevent	the	therapeutic	effect	from	waning.	This	also	holds	true	for	IL13,	

as	we	found	that	in	vitro	IL13-primed	dendritic	cells	rapidly	regained	full	antigen-presenting	

function	 upon	 loss	 of	 IL13	 contact	 (chapter	 3)	 [14].	 Due	 to	 the	 invasive	 nature	 of	

intracerebral	injections,	repeated	CNS	administration	of	IL13	protein	is	strongly	discouraged.	

Instead,	 IL13	 protein	 could	 be	 administered	 intravenously,	 although	 systemic	 delivery	

increases	 the	 risk	 of	 IL13	 causing	 peripheral	 side	 effects	 (such	 as	 asthma	 and/or	 other	

hypersensitivity	 reactions)	 and	 is	 likely	 to	 be	 less	 effective	 due	 to	 lower	 protein	
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concentrations	 in	 the	CNS	 than	 following	 local	 administration.	Moreover,	 no	evidence	has	

yet	been	found	that	IL13,	a	protein	with	a	molecular	weight	of	about	15kDa,	can	cross	the	

(intact)	BBB	 [15].	As	an	alternative	 to	direct	protein	 injection,	 viral	 and	non-viral	methods	

could	be	used	to	target	the	IL13-encoding	gene	to	the	CNS.	A	third	option	for	IL13	delivery	

consists	 of	 the	 intracerebral	 transplantation	 of	 autologous/allogeneic	 cells,	 genetically	

engineered	 to	express	 the	 therapeutic	protein.	Both	gene	and	cell	 therapeutic	approaches	

enable	 the	 sustained	 production	 of	 IL13	 (by	 transduced/transfected	 brain	 cells	 and	

transplanted	 carrier	 cells,	 respectively),	 thus	 circumventing	 the	problem	of	 limited	protein	

half-life.	Therefore,	gene	and	cell	therapeutic	approaches	are	the	preferred	methods	for	the	

local	delivery	of	IL13	to	the	CNS.	

Recently,	 three	 parallel	 studies	 were	 conducted	 at	 the	 Laboratory	 of	 Experimental	

Hematology	 in	 which	 the	 neuroprotective	 effect	 of	 IL13	 on	 CPZ-associated	 demyelination	

and	 inflammation	 was	 assessed	 following	 CNS	 delivery	 via	 three	 alternate	 methods:	 IC	

injection	of	IL13-encoding	lentiviral	vector	(LV-IL3)	[7],	IC	transplantation	of	autologous	IL13-

producing	MSCs	[12],	and	IC	transplantation	of	allogeneic	IL13-producing	MSCs	(chapter	4).	

While	 the	 (local)	 therapeutic	 effect	 of	 IL13	 on	 demyelination	 and	 inflammation	 was	

comparable	 following	 CNS	 delivery	 of	 LV-IL13	 and	 autoMSCs-IL13,	 administration	 of	

lentivirus	 resulted	 in	 an	 enhanced	 CNS	 recruitment	 of	 microglia	 and	 macrophages	 and	

forced	 overactivation	 of	 these	 cells	 [7].	 This	 microglia/macrophage	 overactivation	 is	

evidenced	 by	 high	 immunoreactivity	 for	 F4/80	 (figure	 5.1,	 F4/80)	 and	 MHCII	 (data	 not	

shown)	throughout	the	splenium	of	 the	corpus	callosum	following	LV-IL13	 injection,	and	 is	

presumably	the	result	of	potent	TLR	stimulation	induced	by	the	lentiviral	particles	[16].	This	

observation	draws	the	attention	to	the	possible	safety	concerns	associated	with	the	use	of	

lentiviral	 vectors	 for	 clinical	 application	 [17].	 In	 contrast,	 autoMSC-IL13	 transplantation	

severely	 limited	 microgliosis	 in	 the	 splenium	 and	 restricted	 the	 influx	 of	 peripheral	

macrophages	 to	 the	 graft	 site	 [12].	 The	 protection	 against	 demyelination	 was	 however	

mainly	restricted	to	the	implant	site	where	M2a	alternatively	activated	immune	cells	could	

be	 found,	 contrary	 to	 LV-IL13	 injection	 where	 M2a	 oriented	 microglia/macrophages	

throughout	the	entire	splenium	contributed	to	a	widespread	protection	against	CPZ-induced	

demyelination	 (figure	5.1,	MBP	&	Arg1).	 In	 this	doctoral	 thesis,	we	describe	 that	alloMSC-

IL13	 grafts	 induce	 similar	 changes	 in	 microglia/macrophage	 phenotype	 as	 autoMSC-IL13	
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grafts	 (figure	 5.1,	 F4/80	 &	 Arg1),	 with	 the	 overall	 therapeutic	 benefit	 of	 autologous	

transplants	only	slightly	exceeding	that	of	allogeneic	grafts	(chapter	4).	Although	the	use	of	

allogeneic	 cells	 for	 therapeutic	 protein	 delivery/production	 may	 not	 provide	 the	 best	

achievable	 functional	 outcome,	 we	 do	 believe	 that	 this	 therapeutic	 approach	 ultimately	

holds	the	most	promise	for	future	clinical	translation.	Albeit	additional	research	is	warranted	

to	 maximize	 the	 therapeutic	 efficacy	 of	 allogeneic	 carrier	 cells,	 this	 delivery	 method	 is	

superior	to	both	viral	and	autologous	cell	delivery	systems	with	regard	to	safety	and	clinical	

availability.	Therefore,	we	are	in	favor	of	implementing	allogeneic	MSCs,	or	other	allogeneic	

cells,	 for	 the	 delivery	 of	 IL13	 at	 sites	 of	 local	 neuroinflammation	 following	 CNS	 injury	 or	

disease	in	human	patients.	

	

	
Figure	 5.1:	 Differential	 activation	 patterns	 of	 microglia/macrophages	 following	 lentivirus-	 versus	 MSC-
mediated	delivery	of	IL13	to	the	splenium	of	CPZ-treated	mice.		
Representative	immunofluorescence	images	of	the	splenium	of	the	corpus	callosum	4	weeks	after	the	start	of	
CPZ	intoxication	and	LV	injection/MSC	transplantation.	Brain	sections	were	stained	for	the	presence	of	myelin	
(MBP),	F4/80+	activated	microglia/macrophages,	and	Arg1+	M2a-activated	microglia/macrophages.	Scale	bars	
indicate	200	µm.	
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5.4	FUTURE	PERSPECTIVES	

Throughout	 this	 thesis,	 it	 has	 become	 apparent	 that	 the	 immunomodulatory	 character	 of	

IL13	 can	 be	 exploited	 for	 widely	 different	 applications.	 How	 IL13	 is	 capable	 to	 modulate	

alloimmune	responses	or	exert	a	neuroprotective	effect	in	the	CPZ	mouse	model,	however,	

still	 remain	 matters	 of	 speculation.	 Especially	 in	 case	 of	 the	 latter,	 it	 remains	 to	 be	

established	whether	the	observed	neuroprotection	 is	attributable	to	a	direct	effect	of	 IL13	

(e.g.	IL13-mediated	apoptosis	of	lesion-associated	microglia),	an	indirect	effect	of	IL13	(e.g.	

IL13-induced	 M2a	 macrophages/microglia	 induce	 neuroprotection),	 or	 a	 combination	 of	

both.	 In	 an	 attempt	 to	 elucidate	 IL13’s	 mode	 of	 action,	 future	 MSC-IL13	 transplantation	

experiments	should	be	conducted	in	IL4	receptor	alpha	knockout	(IL4Rα-/-)	or	IL13	receptor	

alpha	1	 knockout	 (IL13Rα1-/-)	mice	 [18].	 Together,	 these	 IL4Rα	and	 IL13Rα1	 subunits	 form	

the	 heterodimeric	 ‘type	 II	 receptor’,	 binding	 both	 IL4	 and	 IL13	 [19].	 These	 two	 knockout	

strains	 are	 complementary	 to	 each	 other,	 as	 IL4Rα-/-	 mice	 are	 characterized	 by	 the	

impairment	 of	 both	 IL4	 and	 IL13	 signaling,	 whereas	 only	 IL13	 signaling	 is	 defective	 in	

IL13Rα1-/-	 mice.	 Regardless	 of	 the	 mouse	 model	 of	 choice,	 bone	 marrow	 transplantation	

experiments	 will	 allow	 to	 selectively	 dissect	 the	 role	 of	 IL13	 (or	 IL4	 +	 IL13)	 signaling	 in	

macrophages	 and	 microglia.	 To	 selectively	 establish	 the	 role	 of	 IL13	 signaling	 in	

macrophages,	 wild	 type	 mice	 should	 be	 lethally	 irradiated	 (thus	 destroying	 their	

radiosensitive	macrophage	precursors	while	leaving	radioresistant	microglia	unharmed)	and	

subsequently	given	bone	marrow	isolated	from	IL13Rα1-/-	 (or	 IL4Rα-/-)	mice	to	reconstitute	

the	 bone	 marrow	 compartment.	 Inversely,	 to	 determine	 the	 role	 of	 IL13	 in	 microglia,	

IL13Rα1-/-	(or	IL4Rα-/-)	mice	should	receive	bone	marrow	from	wild	type	mice	following	lethal	

irradiation.	 In	addition	to	these	bone	marrow	transplantation	experiments,	future	research	

efforts	 should	 be	 undertaken	 to	 investigate	 how	 human	 microglia	 and	 macrophages	 will	

respond	 to	 (human)	 IL13.	 Although	 the	 collection	 of	 human	 monocytes	 (and	 their	

subsequent	in	vitro	differentiation	into	mature	macrophages)	is	a	routine	clinical	procedure,	

human	 microglia	 are	 much	 more	 challenging	 to	 isolate.	 Recently	 though,	 Muffat	 et	 al.	

published	a	protocol	describing	the	generation	of	microglia	from	human	induced	pluripotent	

stem	cells	 (iPSCs)	 [20].	These	 in	vitro	 iPSC-derived	microglia	closely	 resemble	primary	 fetal	

microglia	 and	 faithfully	 recapitulate	 the	 expected	 ontogeny	 and	 characteristics	 of	 their	 in	

vivo	 counterparts.	 In	 order	 to	 study	 the	 effect	 of	 IL13	 on	 human	 immune	 cells	 under		
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conditions	 approximating	 the	 in	 vivo	 situation	 as	 closely	 as	 possible,	 monocyte-derived	

macrophages	and/or	iPSC-derived	microglia	will	be	co-cultured	with	IL13-producing	MSCs	on	

3-dimensional	 extracellular	 matrix	 scaffolds	 (generated	 by	 the	 decellularization	 of	 brain	

tissue,	 as	 previously	 described	 by	 us)	 [21].	We	 hope	 to	 find	 that	 the	 immunomodulatory	

and/or	 (neuro)protective	 effects	 of	 IL13	 remain	 conserved	 across	 species	 barriers,	

encouraging	 the	 therapeutic	 use	 of	 IL13	 for	 the	 treatment	 of	 acute	 or	 chronic	

(neuro)inflammation	following	trauma	or	disease.	

5.5	FINAL	CONCLUSIONS	

The	 work	 presented	 in	 this	 thesis	 underscores	 the	 powerful	 in	 vivo	 immune	 modulating	

properties	of	IL13	in	the	context	of	two	biologically	relevant	inflammatory	conditions:	(i)	the	

prolongation	of	immunological	survival	of	allogeneic	cell	transplants,	and	(ii)	the	modulation	

of	 neuroinflammatory	 conditions.	 Considering	 the	 outcome	 of	 our	 preclinical	 proof-of-

principle	 experiments	 in	 mice,	 the	 in	 vivo	 induction	 of	 alternatively	 activated	 human	

macrophages	and/or	microglia,	by	means	of	 (allogeneic)	grafting	of	genetically	engineered	

MSCs,	may	provide	an	 interesting	starting	point	 for	 future	therapeutic	strategies	aiming	to	

control	neuroinflammatory	conditions.	
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wereld	 van	 stamceltransplantatie	 en	 om	 me	 de	 kans	 te	 hebben	 gegeven	 binnen	 hun	

onderzoeksgroep	te	doctoreren.	

Peter,	 toen	 ik	me	9	 jaar	geleden	op	het	 labo	kwam	aanmelden	voor	mijn	bachelorscriptie,	

een	onderzoeksplaats	waar	we	nota	bene	met	enkele	medestudenten	om	hadden	gevochten	

(figuurlijk	uiteraard!	☺),	had	ik	nooit	durven	dromen	dat	deze	korte	stage	het	begin	zou	zijn	

van	 zo’n	 leuke	 jarenlange	 samenwerking.	 Bedankt	 voor	 je	 verfrissende	 inzichten,	 je	

wetenschappelijke	 gedrevenheid	 en	 je	 onuitputtelijke	 enthousiasme.	 Merci	 voor	 de	

fantastische	begeleiding	en	de	openhartige	gesprekken	die	me	zo	nu	en	dan	dat	extra	duwtje	

in	de	rug	gaven.	Een	dikke	dankjewel	voor	het	vertrouwen!	

Prof.	 Lardon,	prof.	Dedeurwaerdere,	prof.	Hoogduijn	 en	prof.	 Bronckaers,	 geachte	 leden	

van	 de	 jury,	 bedankt	 voor	 jullie	 interesse	 in	 deze	 doctoraatsthesis	 en	 jullie	 constructieve	

commentaren	en	inzichten.	

Lieve	(ex-)collega’s,	bedankt	om	van	Labo	Hemato	niet	alleen	het	 interessantste,	maar	ook	

veruit	het	gezelligste	 labo	van	de	UA	te	maken.	 Ik	zal	onze	pizza	avondjes,	happy	hours	op	

het	labo	en	andere	escapades	niet	snel	vergeten!		

Irene	 en	Bart,	 een	 superdikke	 dankjulliewel	 voor	 de	 fantastische	 begeleiding	 tijdens	mijn	

bachelor	scriptie,	de	goesting	om	in	het	onderzoek	te	stappen	is	zonder	twijfel	destijds	door	

jullie	opgewekt	geweest.	

Nele,	Nathalie,	Kristien	en	Jelle,	merci	om	mij	de	kneepjes	van	het	vak	aan	te	leren	en	voor	

de	vele	gezellige	babbels	en	leuke	randactiviteiten	(al	dan	niet	getooid	met	een	rood-witte	

muts	☺).		

Anne,	het	is	met	spijt	dat	we	je	zo	snel	hebben	moeten	zien	vertrekken	vermits	de	creatieve	

lokroep	je	uiteindelijk	toch	deed	kiezen	voor	een	toekomst	in	theater.	Ik	kijk	alvast	met	veel	

anticipatie	uit	naar	je	volgende	toneelstuk.		
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Alessandra,	thank	you	for	the	pleasant	collaboration,	the	many	fun	lunchbreaks	and	grazie	

mille	(!!)	for	picking	up	my	thesis	from	the	printer	during	my	maternity	leave.	I	wish	you	the	

best	of	luck	with	your	PhD	research	and	will	be	looking	forward	to	hearing	the	results!	

Lieve	Jasmijn,	je	bent	echt	een	collega	uit	de	duizend.	Merci	voor	je	immer	goede	humeur,	

de	vele	geweldig	leuke	babbels	en	je	o	zo	nuttige	(zowel	labo-	als	mama-gerelateerde)	tips.	

Dankjewel	om	mijn	creatieve	waakvlammetje	(dat	al	jaren	op	een	bijzonder	laag	pitje	stond)	

te	 doen	 heropleven	 door	 mij	 aan	 te	 steken	met	 de	 naaimicrobe.	 Het	 ontdekken	 van	 die	

creatieve	uitlaatklep	heeft	mij	al	zo	ontzettend	veel	plezier	bezorgd	en	zoveel	energieboosts	

gegeven,	dat	ik	je	daar	eeuwig	dankbaar	voor	zal	blijven.	

En	 last	 but	 not	 least,	 Debbie,	 wij	 die	 samen	 als	 groentjes	 in	 het	 labo	 zijn	 begonnen	 en	

intussen	samen	de	‘oude	garde’	van	het	labo	uitmaken	(->	proficiat	met	je	postdoc!!!),	zijn	er	

dan	 ook	 nog	 eens	 in	 geslaagd	 om	 zo	 goed	 als	 tegelijk	 mama	 te	 worden	 van	 2	 prachtige	

dochtertjes…	toch	wel	echt	de	allermooiste	bekroning	van	onze	leuke	tijd	samen,	lijkt	me!	

Evi	en	Jorrit,	ongeacht	het	feit	dat	jullie	bureau	zich	al	een	tijdje	niet	meer	op	S6	bevindt,	zal	

Labo	Hemato	toch	ook	altijd	een	beetje	jullie	thuis	blijven.	

Evi,	 ik	ben	zo	dankbaar	dat	 ik	 jou	 tijdens	 jouw	masterthesis	onder	mijn	hoede	heb	mogen	

nemen.	 Jouw	 aanstekelijke	 enthousiasme	 en	 grenzeloze	 motivatie	 die	 toen	 van	 jou	 dé	

perfecte	masterstudent	maakten	(=	de	ultieme	droom	van	iedere	thesisbegeleider!),	maken	

van	jou	vandaag	evenzeer	de	fantastische	doctoraatsstudente	die	je	bent.	 Ik	denk	met	een	

glimlach	 en	 veel	 nostalgie	 terug	 aan	 de	 talrijke	 uren	 die	 we	 samen	 spendeerden	 in	 het	

celkweek	 labo	en	aan	de	FACSAria.	Merci	voor	de	 leuke	tijden,	zowel	wetenschappelijk	als	

vriendschappelijk!	

Jorrit,	nóg	zo’n	geweldig	straffe	masterthesis-/doctoraatsstudent.	Ook	jou	hebben	we	op	het	

labo	met	veel	spijt	zien	vertrekken,	maar	ik	ben	blij	te	weten	dat	het	glioblastoma	onderzoek	

dankzij	 jou	 verderleeft.	 En	 het	 was	 me	 een	 waar	 genoegen	 kennis	 te	 maken	 met	 een	

gelijkgestemde	Nieuw-Zeeland-o-fiel.	☺	

Hemato	 collega’s,	 dankjewel	 om	me	wegwijs	 te	maken	 “in	 de	 containers”.	 En	 hierbij	 een	

extra	dikke	merci	aan	prof.	Nathalie	Cools	die	me	steeds	met	raad	en	daad	wist	bij	te	staan	

bij	 het	 gebruik	 van	 de	 FACSAria,	 zelfs	 al	 belde	 ik	 je	 hiervoor	 thuis	 tegen	 21.30h	 nog	 op	

omwille	van	een	technische	storing	(sorry	&	merci	daarvoor!!).	Je	bent	een	echt	FACS	genie!	 	
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Caroline,	 thank	you	 so	much	 for	 your	expert	help	on	all	 things	MRI.	 It’s	been	an	absolute	

pleasure	 working	 with	 you!	 Your	 everlasting	 good	 mood,	 enthusiasm	 and	 passion	 for	

research	 are	 a	 true	 inspiration.	 I	 wish	 you	 nothing	 but	 the	 best	 of	 luck	 in	 your	 future	

endeavours,	 wherever	 they	 may	 take	 you	 (although	 I	 do	 hope	 you’ll	 stick	 around	 in	 San	

Francisco	long	enough	for	me	to	visit	you	there	in	the	near	future	;).	

Ook	zou	ik	graag	onze	toffe	collega’s	van	de	UHasselt,	Derv,	Evi	en	prof.	Sven	Hendrix,	willen	

bedanken	 voor	 de	 leuke	 (en	 uiterst	 productieve!)	 samenwerking	 van	 de	 voorbije	 jaren.	 Ik	

ben	ervan	overtuigd	dat	we	er	met	onze	talrijke	gedeelde	publicaties	in	geslaagd	zijn	om	het	

potentieel	van	interleukine-13	als	therapeutisch	eiwit	op	de	kaart	te	zetten!	

Annemie	 en	 Joke,	 bedankt	 voor	 de	 gezellige	 middagpauzes.	 Niks	 leukers	 dan	 ’s	 middags	

samen	in	“de	put”	van	het	zonnetje	en	een	leuke	babbel	te	genieten.	

Maxime,	 Valérie	 et	 prof.	 Moser,	 un	 tout	 grand	 merci	 de	 m’avoir	 accueilli	 dans	 votre	

laboratoire	 à	 Gosselies	 et	 de	m’avoir	 aidé	 à	 cultiver	 des	 cellules	 dendritiques	 spléniques.	

Votre	collaboration	a	été	instrumentale	dans	ma	recherche	et	a	largement	élévé	le	niveau	de	

l’article	de	recherche	qui	en	résulte.	

Ook	op	het	thuisfront	stonden	mijn	allergrootste	supporters	altijd	paraat.		

Mammy,	Daddy	&	Alix,	merci	de	toujours	m’avoir	soutenue	en	quoi	que	ce	soit,	même	si	ces	

entreprises	 comprennent	 un	 déménagement	 transatlantique.	 On	 dit	 que	 la	 famille	 ne	 se	

choisit	pas,	mais	je	ne	pourrais	pas	m’en	imaginer	une	meilleure.	Merci	pour	tout!		

Krolskes,	 ook	 wat	mijn	 schoonfamilie	 betreft	 ben	 ik	 met	mijn	 spreekwoordelijk	 gat	 in	 de	

boter	gevallen!	Magda	en	Morre,	bedankt	om	mij	al	8,5	jaar	lang	als	jullie	eigen	dochter	te	

aanzien.	Timme	&	Ine,	Gert	&	Emilie	en	kleine	Victor,	dankzij	jullie	is	Kapellen	voor	mij	een	

tweede	thuis	geworden.	Een	dikke	dikke	merci	daarvoor!	

Lieve	 vrienden,	 bedankt	 voor	 jullie	 interesse	 in	mijn	 onderzoek	 (wat	 zich	meer	 dan	 eens	

vertaalde	in	de	vraag:	“En,	hoe	gaat	het	met	je	muisjes?”	☺)	of	jullie	nu	eigenlijk	begrepen	

waar	mijn	doctoraat	over	 ging	of	 niet.	Maar	 ik	 zou	 jullie	 vooral	willen	bedanken	 voor	 alle	

gezellige	brunches,	etentjes,	café	avondjes,	reizen,	etc.	die	voor	de	nodige	afleiding	zorgden	

en	me	talloze	fantastische	ervaringen	en	herinneringen	rijker	maakten!	
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Michiel,	om	het	met	de	gevleugelde	woorden	uit	‘Het	Eiland’	te	zeggen:	“Ik	ben	blij	dat	gij	in	

mijn	 team	 zit.”	 Maar	 correcter	 is:	 ik	 ben	 o	 zo	 blij	 dat	 wij	 een	 team	 zijn!	 Je	 bent	 mijn	

allerbeste	maatje	 en	mijn	 grootste	motivator.	Mijn	 rustpunt	 als	 ik	weer	 eens	 te	 hard	 van	

stapel	 loop.	Bedankt	voor	 jouw	onvoorwaardelijke	steun	en	om	me	er	keer	op	keer	aan	te	

herinneren	dat	niet	alles	wat	kan,	moet.	Ik	ben	onwaarschijnlijk	trots	op	wat	jij	de	afgelopen	

jaren	hebt	bereikt,	met	je	toekomstige	postdoc	positie	 in	Montréal	als	absolute	kers	op	de	

taart.	Ik	ben	enorm	benieuwd	naar	wat	dit	Canadese	avontuur	allemaal	voor	ons	in	petto	zal	

hebben,	maar	ik	twijfel	er	niet	aan	dat	wij	samen	de	wereld	aankunnen.		

Mijn	lieve	kleine	Sienna,	deze	thesis	is	eigenlijk	ook	een	beetje	de	jouwe.	Jouw	komst	heeft	

mij	extra	gestimuleerd	om	alles	op	tijd	klaar	 te	krijgen	om	me	tijdens	 je	eerste	 (héérlijke!)	

maanden	met	niets	of	niemand	anders	 te	moeten	bezighouden	dan	met	 jou	 (en	 je	papa).	

Een	 hele	 dikke	 merci	 dus	 om	 niet	 te	 zijn	 komen	 opdagen	 vooraleer	 deze	 thesis	 was	

ingediend.	☺	 Bedankt	 om	 de	 levendige	 en	 goedlachse	 kleine	meid	 te	 zijn	 die	 je	 vandaag	

bent.	Met	jou	gaan	we	ongetwijfeld	nog	een	leven	lang	véél	plezier	mogen	beleven!	Ik	kijk	er	

al	naar	uit!!	

	

	

“I	can	no	other	answer	make	but	thanks,	and	thanks,	and	ever	thanks...”	

-	William	Shakespeare	
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