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1. INTRODUCTION	

1.1 The	innate	and	adaptive	immune	system		
 
Humans	 are	 in	 a	 permanent	 interaction	 with	 the	 surrounding	 environment.	 Within	 this	

interaction,	there	is	the	constant	threat	of	pathogens	streaming	into	the	body	and	harming	the	

organism.1	 To	 protect	 human	 beings,	 a	 complex	 immune	 system	 responds	 via	 various	

mechanisms.2	This	synergy	of	processes	plays	a	pivotal	role	in	the	survival	of	both	humans	and	

animals.	3	Protection	against	infection	depends	on	a	close	interaction	between	the	innate	and	the	

adaptive	immune	system.	The	diverse	cells	within	the	immune	system	have	the	ability,	through	

the	innate	and	adaptive	immunity,	to	fight	pathogens	such	as	bacteria,	viruses,	fungi,	and	toxins.	
1,	2,	3	

 
The	innate	immune	system	exists	at	birth	and	is	based	on	physical,	chemical,	cellular	and	humoral	

protective	mechanisms	against	pathogens.1	In	general,	it	combines	the	elements	of	the	immune	

system	(neutrophils,	macrophages,	monocytes,	acute	phase	proteins,	complement,	and	cytokines)	

to	provide	an	immediate	defense.4	The	innate	immune	system	reacts	directly,	without	adaption	

or	imprinting,	and	is	non-specifically	activated	upon	first	contact	with	the	pathogen.	1	Whereas	

the	 innate	 immune	 system	 responds	 rapidly	 but	 may	 damage	 normal	 tissue	 through	 lack	 of	

specificity	-	the	adaptive	immune	system	responds	precisely	and	develops	slowly	within	several	

days	or	weeks.4	

	

The	specific	immune	response	benefits	from	its	memory.	As	a	result,	subsequent	exposure		to	the	

same	pathogen	leads	to	a	more	effective	and	rapid	response.5,	6	The	adaptive	immunity	plays	a	

unique	role.		It	has	the	ability	to	lead	a	two-stage	targeted	effector	response	using	antigen-specific	

receptors	on	T	and	B	cells.	Firstly,	in	the	lymphoid	tissue,	the	recognition	and	presentation	of	the	

antigen	by	the	specific	T	or	B	cell	starts	a	reaction	of	cell	priming,	activation,	and	differentiation.	

Secondly,	 there	 are	 two	 effector	 response	 pathways.	 Either	 the	 activated	 T	 cell	 leaves	 the	

lymphoid	tissue	for	the	focus	of	infection	or	the	activated	B	cell	releases	antibodies	into	the	blood,	

which	 then	reach	 the	site	of	disease.4	 Studies	show	that	 there	 is	a	 strong	association	between	

intrauterine	bacterial	or	viral	infections	and	pregnancy	disorders	such	as	abortion,	preterm	labor,	

pre-eclampsia	and	intrauterine	growth	retardation	(IUGR).	7,	8,9	

	

Therefore,	it	can	be	surmised	that	the	immediate	immune	response	at	the	feto-maternal	interface	

may	have	a	significant	influence	on	a	successful	pregnancy.	During	gestation,	this	innate	immunity	

plays	 an	 essential	 role	 in	 establishing	 an	 adequate	 microenvironment	 at	 the	 feto-maternal	
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interface	 by	 distinguishing	 between	 "infectious	 non-self"	 (bacteria,	 virus,	 etc.)	 and	 	 "non-

infectious	self"	(mother,	placenta,	and	fetus).10		

1.2 Potential	factors	causing	spontaneous	and	recurrent	
miscarriage	

 
Miscarriage,	either	spontaneous	or	recurrent,	is	a	common	complication	during	pregnancy.11	The	

term	 clinical	 miscarriage	 is	 used	 to	 describe	 a	 miscarriage	 following	 an	 ultrasound	 or	

histopathologically	confirmed	intrauterine	pregnancy.	Clinical	miscarriages	can	be	distinguished	

into	early	clinical	pregnancy	 loss	(before	gestational	week	12)	and	 late	clinical	pregnancy	 loss	

(gestational	weeks	12	 to	21).12	 It	 is	estimated	 that	30%	of	pregnancies	are	dismissed	prior	 to	

implantation.	Another	30%	of	pregnancies	are	terminated	at	the	stage	of	implantation	but	prior	

to	the	missed	menstruation.13	Approximately	15%	of	conceptions	end	in	early	clinical	pregnancy	

loss.	 However,	 it	 has	 been	 proven	 that	 there	 is	 a	 significant	 difference	 in	 the	 incidence	 of	

miscarriage	according	to	age.	The	incidence	rises	from	10%	in	women	aged	20	to	24	years	to	51%	

in	women	aged	40	to	44	years.14	Late	losses	between	12	and	21	gestational	weeks	are	less	frequent	

and	equate	to	around	4%	of	pregnancies.15	In	spontaneous	miscarriages,	well-known	risk	factors	

include	fetal	chromosomal	or	endocrine	disorders.		Antiphospholipid	syndrome,	thrombophilia	

or	 maternal	 anatomical	 malformations	 have	 also	 been	 established	 as	 causes	 for	 recurrent	

pregnancy	loss.16	Clinical	studies	state	that	there	is	a	strong	causality	between	miscarriages	and	

parental	chromosome	abnormalities17,18	acquired	thrombophilia19,	20	and	thyroid	autoimmunity21,	
22,23	during	pregnancy.	Meanwhile,	autoantibodies24,25,	hereditary	thrombophilia19,26,	sperm	DNA	

fragmentation27,28	and	alcohol	consumption29	are	considered	to	only	have	a	moderate	impact.	It	is	

further	believed	that	natural	killer	(NK)	cell	dysfunction30,31,32,	abnormal	HLA-G	expression33,	PCO	

syndrome34,	uterine	malformations35,36,	hCG	gene	polymorphisms37,38	and	obesity39,40	have	a	weak	

to	moderate	influence	on	the	occurrence	of	a	miscarriage.12	

	

Recurrent	miscarriage	 is	 defined	 as	 the	occurrence	of	 two	or	more	 failed	 clinical	 pregnancies	

before	the	20th	week	of	pregnancy.41	The	incidence	of	recurrent	pregnancy	loss	is	approximately	

1–2%	and	affects	5%	of	families	who	have	the	desire	to	have	a	child.42	Until	now,	only	50%	of	the	

pathogenesis	 of	 recurrent	 miscarriage	 causes	 are	 known.	 These	 known	 factors	 include	

immunological,	endocrinological,	genetical	and	infectious	components.		Metabolic	and	anatomical	

abnormalities,	and	other	unexplained	factors	are	also	recognized.	So	far,	it	is	hypothesized	that	

recurrent	pregnancy	loss	derives	from	multiple	interactions	of	the	afore	mentioned	factors.	About	

50%	of	couples	who	have	undergone	an	entire	medical	 investigation	remain	clueless	as	to	the	

reason	why	they	are	unable	to	carry	out	the	process	of	pregnancy	and	deliver	a	healthy	child.17	



 INTRODUCTION	

3 

1.3 Pregnancy:	immune	cells	and	the	maternal	immune	system	in	
the	feto-maternal	interface		

 
The	 overall	 aim	 and	 intention	 of	 the	 study	 concerning	 Papers	 1	 and	 2	was	 the	 evaluation	 of	

immunological	 factors	 and	 cytokines	 in	 placental	 tissue	 that	 are	 involved	 in	 recurrent	 and	

spontaneous	abortions.	The	human	placenta	and	the	process	of	pregnancy	is	a	complex	system.	

Various	mechanisms	need	to	function	in	order	to	maintain	a	successful	pregnancy	and	to	nourish	

the	 fetus	until	birth.	The	placenta	has	multiple	processes	 to	protect	 the	 fetus	such	as	 immune	

activity,	production	of	diverse	chemokines,	cytokines	and	antimicrobial	peptides.43,44	The	three	

main	functions	of	this	multiplex	organ	are	to	develop	and	enable	the	trophoblast	 invasion	and	

growth,	to	secure	the	placental	angiogenesis	and	to	establish	the	immunomodulation	within	the	

feto-maternal	interface.45,46	The	feto-maternal	interface	is	defined	as	the	interaction	between	the	

uterus,	 particularly	 the	 decidua	 and	 the	 inner	 third	 of	 the	 myometrium,	 and	 the	 invasive	

extravillous	 trophoblast	 cells	 (EVT).	 The	 decidua,	 which	 is	 the	 decidualized	 endometrium,	

consists	of	cells	like	stromal	cells,	lymphatic	cells,	leukocytes,	luminal	and	glandular	epithelium,	

spiral	arteries	and	fetal	derived	EVT.46	The	expression	of	markers	within	the	surface	of	maternal	

immune	 cells	 leads	 to	 the	 recognition	of	 cells	 as	 trophoblasts	or	 fetus.47,48,49,50,51	 The	maternal	

immune	system,	including	maternal	lymphocytes	such	as	CD4+	T	cells,	CD8+	T	cells,	NK	cells	and	

regulatory	T	cells	(Treg	cells),	plays	an	important	part	in	the	development	of	a	healthy	pregnancy.	

Treg	cells	are	involved	in	tissue	homeostasis	and	provide	immune	tolerance.	Moreover,	Treg	cells	

are	also	linked	to	tumor	growth	and	organ	transplantation	tolerance.	They	are	also	augmented	

systemically	 and	 locally	 during	 gestation.	 In	miscarriages,	 not	 yet	 fully	 discovered	 factors	 are	

presumed	 to	 be	 related	 to	 the	 failure	 of	 implantation	 in	 humans.	 Treg	 cell	 impairment	 and	

maldistribution	disturbs	 the	Treg	 cell-mediated	 tolerance	 and	may	be	one	of	 the	 etiologies	 of	

miscarriage.52	Former	studies	state	 that	Treg	cells	are	diminished	 in	peripheral	blood	and	 the	

decidua	in	miscarriage	cases.	In	recurrent	miscarriages,	it	has	been	observed	that	the	suppressive	

capability	of	Treg	cells	was	impaired.53	

1.4 Immune	response	during	normal	pregnancy	and	spontaneous	
and	recurrent	pregnancy	loss	

 
During	gestation,	the	maternal	 immune	system	provides	protection	to	the	the	fetus.	 	However,	

definite	 components	 and	 pathways	 remain	 incompletely	 understood	 and	 still	 need	 to	 be	

investigated.	 Distinct	 immunological	 mechanisms	 have	 been	 considered.54,55	 Cytokines	 are	

proposed	to	play	an	essential	role	in	embryo–maternal	signaling.	The	majority	of	T-helper	(Th)	

cells	 can	 be	 subdivided	 into	 Th1	 and	 Th2	 cells.	 	 Th1	 cells	 mostly	 produce	 pro-inflammatory	

cytokines,	such	as	Interferon-γ	(IFN-	γ),	tumor	necrosis	factor-α	(TNF-α)	and	Interleukin-2	(IL-2),	

and	operate	to	induce	abortion.38	Commonly,	Th2	cells	secrete	anti-inflammatory	cytokines,	such	
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as	 IL-4,	 IL-6	 and	 IL-10,	 and	 appear	 to	 be	 necessary	 in	 maintaining	 pregnancy	 via	 their	

immunosuppressive	effects.56	It	is	believed	that	an	imbalance	of	cytokines	caused	by	exogenous	

or	endogenous	factors	can	support	pregnancy	complications	and	even	spontaneous	abortion.57,	58	

The	normal	range	of	the	Th1/Th2	cell	ratio	is	considered	to	be	less	than	10.3.59	Previous	studies	

show	that	Th1	and	Th2	cells	are	key	players	in	immune	responses,	especially	in	immune	rejection	

and	tolerance.60,	61	It	has	been	detected	that	a	major	portion	of	helper	T	cells	(up	to	30%)	are	Th1	

cells	associated	with	cellular	immunity.	In	contrast,	only	up	to	5%	of	helper	T	cells	are	Th2	cells,	

which	are	part	of	the	humoral	immunity.	Th2	dominance	is	important	and	connected	to	a	normal	

pregnancy.	Meanwhile,	up	to	2%	of	Th17	cells	can	be	found	during	a	normal	pregnancy.62	The	T	

cell	population	fluctuates	during	pregnancy:	decreasing	in	early	pregnancy	but	elevating	again	at	

term.	This	leads	to	an	overall	increase	in	their	relative	percentages	in	the	third	trimester.63,	64	The	

appropriate	balance	of	Th1,	Th2,	Th17	cytokines,	and	Treg	cells	leads	to	a	successful	pregnancy.65	

We	speculate	that	a	shift	in	the	local	Th1/Th2	balance	may	result	in	an	unwilling	abortion.121	In	

the	 case	 of	 recurrent	 miscarriage,	 the	 immune	 response	 is	 generally	 divided	 into	 immune	

suppression	and	immune	tolerance.66	In	contrast,	certain	obstetric	disorders,	including	habitual	

abortion,	may	be	due	to	an	increase	in	Th1-dependent	cytokines,	especially	TNF-α.59	

1.5 Polarization	of	macrophages	and	the	Th	response	in	the	
placenta	(Paper	1)	

 
Pregnancy	is	a	unique	biological	event	which	leads	to	significant	changes	in	the	maternal	immune	

system.67	The	interplay	of	functioning	immune	cells	in	the	placental	tissue	is	important	for	both	

mother	 and	 fetus.	 Various	 other	 immune	 cells	 are	 also	 located	 in	 the	 placental	 bed.	 In	 early	

pregnancy,	macrophages,	Treg	cells,	uterine	NK	cells,	and	dendritic	cells	are	the	most	prominent	

immune	cells	in	the	placenta.68	In	the	human	decidua,	NK	cells	are	generally	the	most	dominant	

group.	 They	 are	 responsible	 for	 up	 to	 70%	 of	 the	 immune	 cell	 population.	 Meanwhile,	

macrophages	are	 the	second	 largest	group	with	up	 to	20%	of	 the	 leukocyte	population.63	 It	 is	

common	knowledge	that	macrophages	develop	out	of	circulating	monocytes.69,70	During	gestation,	

the	phagocytic	function	of	monocytes	is	relatively	diminished.	This	decrease	in	function	may	be	a	

supportive	mechanism	 in	protecting	allogeneic	 fetuses	 from	monocyte	activation.71	Monocytes	

stay	in	the	bloodstream	for	1-2	days.	They	then	migrate	from	the	blood	vessels	into	tissue	where	

they	become	macrophages.	Macrophages	play	a	crucial	role	in	the	regulation	of	tissue	repair	and	

remodeling,	host	defense,	 immune	homeostasis	and	angiogenesis.70,72,73	 It	 is	generally	believed	

that	macrophages	can	be	distinguished	into	two	types:	classically	activated	macrophages	(M1)	

and	 alternatively	 activated	macrophages	 (M2).74,75	 These	 two	 categories	 vary	 in	 their	 effector	

function	and	surface	markers,	as	well	as	their	pattern	of	cytokine	secretion.76	M1	macrophages	

are	 driven	 by	 Th1-type	 responses	 and	 are	 part	 of	 the	 inflammatory	 response	 due	 to	 	 their	
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secretion	 of	 IL-12,	 IL-23	 and	 reactive	 oxygen	 species.77,78,79	 M2	macrophages	 are	 involved	 in	

promoting	Th2-type	responses	and	demonstrate	immunosuppressive	qualities	by	participating	in	

tissue	 remodeling,	 angiogenesis,	 and	 tumor	 progression.80,81	 The	 Th2-type	 response	 leads	 to	

antibody	production,	plasma	cell	maintenance,	and	enhanced	phagocytic	activity.82,	83,	79		

	

IL-4	and	IL-10	are	predominately	produced	by	M2	phenotypes.	IL-4	is	part	of	the	differentiation	

of	naive	CD4-T	cells	into	the	Th2	phenotype.84	It	is	believed	that	the	M2	polarization	through	the	

immunomodulatory	pathway	 is	 associated	with	a	healthy	pregnancy.	M2	macrophages	 can	be	

categorized	 into	 M2a,	 M2b,	 M2c,	 and	 M2d	 subsets.	 These	 subsets	 can	 be	 further	 subdivided	

according	 to	 the	occurrence	of	 various	 stimuli,	markers,	 surface	molecules.	They	 also	provide	

immunological	 functions	 by	 producing	different	 chemokines	 and	 cytokines.85,	 78,	 79	 In	 contrast,	

bacterial	components	like	gram-negative	lipopolysaccharide	(LPS),	a	ligand	for	Toll-like-receptor	

4	 (TLR4),	 induce	 M1	 polarization.86	 Therefore,	 external	 pathogens	 activate	 Toll-like-receptor	

signaling	which	then	shifts	decidual	macrophage	polarity.	It	changes	the	immunosuppressive	M2	

dominancy	into	the	inflammatory	M1	phenotype.87,	88,	89	

	

	
FIGURE	1:	M1	/	M2	POLARIZATION	OF	MACROPHAGES	

adapted	and	inspired	by	s.LIU	et	al,	The	role	of	decidual	immune	cells	on	human	pregnancy	
Journal	of	reproductive	medicine	201767	
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Macrophages	are	extraordinarily	flexible	and	can	remain	in	a	suspended	state,	this	enables	them	

to	 respond	 to	 other	 signals,	 rather	 than	 stay	 committed	 to	 only	 one	 activated	phenotype.	 For	

instance,	tumor-associated	macrophages	can	undergo	a	bidirectional	transformation	between	M1	

and	 M2	 phenotypes	 to	 assist	 the	 process	 of	 anti-inflammation	 and	 immunosuppression.90	

Furthermore,	the	phenotype	and	function	of	macrophages	relies	on	their	residential	environment,	

which	has	a	strong	influence	on	them.82	It	is	recognized	that	there	is	an	increase	in	the	number	of	

M2-polarized	macrophages	 in	 the	placental	bed	during	normal	pregnancy.91	Considering	those	

with	 complications,	 such	 as	 recurrent	 miscarriage	 and	 preeclampsia,	 the	 M2-polarized	

macrophages	 then	 lead	 to	M1	 polarization	 and	 the	mediation	 of	 inflammatory	 responses.92,93	

Decidual	macrophages	are	highly	versatile	and	express	a	particular	combination	of	cell	surface	

markers:	CD14,	CD68,	and	MHC	class	II	antigen	HLA-DR.	However,	when	it	comes	to	activation	

they	 can	 be	 differentiated	 by	 the	 expression	 of	 CD11c	 and	 CD86.94	 The	 number	 of	 decidual	

macrophages	 varies	with	 the	 gestational	 age	 of	 the	 fetus.	 	 Although	macrophages	 are	present	

within	the	placenta	at	all	points	during	the	pregnancy,	the	highest	populations	are	found	within	

the	first	and	second	trimester.95,96,97	These	macrophages	guide	adaptive	T	cell	responses,	monitor	

innate	NK	cell	responses	and	produce	anti-inflammatory	substances	such	as	IL-10,	prostaglandin	

E2	(PGE2),	and	IDO.46	

	

Peroxisome	proliferator-activated	receptor-gamma	(PPARγ)	is	part	of	the	superfamily	of	nuclear	

hormone	 receptors.	 Together	 with	 the	 other	 subtypes,	 PPARα	 and	 β,	 it	 is	 relevant	 in	 lipid	

metabolism	and	also	recognized	to	be	involved	in	the	process	of	placentation.	There	is	evidence	

that	all	three	subtypes	are	expressed	in	the	placenta.	The	expression	of	the	subtype	of	α and	β 

diminishes	as	the	cells	differentiate,	whereas	PPARγ stays	expressed	potently	in	these	cells	98,	99,	
100,	101,	102.103	In	Paper	1	we	focused	on	PPARγ.	The	expression	of	PPARγ	is	predominantly	found	in	

adipose	 tissue	 as	 well	 as	 in	 trace	 amounts	 in	 colon	 and	 immune	 cells.	 PPARγ	 is	 recognized	

especially	 in	 macrophages	 and	 has	 been	 found	 to	 guide	 macrophage	 differentiation	 and	 to	

participate	 in	 adipogenesis.104,105,106	 The	 versatile	 nuclear	 receptor	 PPARγ	 is	 suspected	 to	 be	

important	 in	 the	 development	 of	 activating	 alternatively	 M2	macrophages	 in	 the	 placenta.107	

Within	a	normal	pregnancy,	PPARγ	regulates	multiple	key	functions	such	as	cell	differentiation,	

nutrient	balance	and	response	to	anti-inflammatory	and	oxidative	stress.	A	pathological	pathway	

often	 leads	 to	 decreased	 EVT	 invasion,	 altered	 lipid	metabolism,	 increased	 inflammation	 and	

oxidative	stress	and	ultimately	to	placental	disorders	including	miscarriage.	Nevertheless,	the	fact	

that	all	of	these	elements	are	partly	controlled	by	PPARγ	validates	the	crucial	role	it	plays	in	the	

physiology	 and	 pathology	 of	 gestational	 tissue.103	 Overall	 PPARγ	 is	 essential	 for	 its	 anti-

inflammatory	 effects	 and	 it	 has	 been	 demonstrated	 to	 downregulate	 the	 expression	 of	 pro-

inflammatory	cytokines	 like	IL-6,	 IL-8,	and	TNFα	in	the	placenta.	108,109	A	decreased	number	of	
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PPARγ	 expressing	 decidual	 macrophages	 may	 lead	 to	 M1	 polarized	 macrophages	 and	 a	

proinflammatory	response	and,	at	last,	to	miscarriage.	

1.6 Regulation	of	the	immune	cell	markers	TLR4	and	IL4Rα	in	the	
trophoblast	(Paper	2)	

 

Trophoblast	 differentiation	 plays	 an	 essential	 guiding	 role	 in	 the	 growth,	 functionality,	 and	

maintenance	of	the	placenta	during	pregnancy.	The	trophoblast	is	of	strong	relevance	and	governs	

key	 functions	 in	 establishing	 the	 process	 of	 pregnancy.	 It	 provides	 the	 blood-flow	 to	 the	

implantation	site,	which	then	supports	the	maturation	of	the	fetus	with	nutrients	and	oxygen.	The	

main	maternal-fetal	exchange	surface	is	formed	by	the	villous	trophoblast.	It	is	considered	to	be	

crucial	for	fetal	development	and	therefore	must	be	able	to	adjust	to	environmental	changes	in	

order	to	ensure	placental	growth	throughout	the	whole	pregnancy.	Trophoblast	differentiation	is	

a	strictly	regulated	process	and	abnormalities	are	linked	to	placental	dysfunction	disorders.103,	110,	
111	 It	 is	 proposed	 that	 trophoblast	 cells	 are	 also	 educators	 of	 various	 immune	 cells.	 The	

trophoblast	 can	 regulate	 consecutive	 immunological	 behaviors	 with	 its	 signals.112	 The	

appropriate	 immune	cell	cross-talk	may	be	fundamental	 for	a	normal	pregnancy	and	outcome.	

The	occurrence	of	defects	or	changes	in	this	sensitive	system	can	lead	to	complications	or	loss.	

The	trophoblast	cells	can	be	further	distinguished	into	the	EVT,	which	invades	the	decidua,	or	the	

intermediate	 villous	 trophoblast	 (IVT)	 and	 villous	 trophoblast	 (VT)	 cells,	 which	 reside	 in	 the	

placenta	 and	 are	 covered	 by	 the	 syncytium.	 The	 IVT	 is	 an	 individual	 type	 of	 trophoblast	 that	

beholds	 some	 of	 the	 morphologic	 and	 functional	 qualities	 of	 both	 cytotrophoblasts	 and	

syncytiotrophoblasts.	 Furthermore,	 this	 heterogeneous	 cell	 group	 owns	 characteristic	

immunohistochemical	markers	and	different	functions.	Multiple	forms	of	trophoblastic	diseases	

arise	primarily	out	of	the	IVT.113,114,115	

	

Toll-like	receptors	(TLR)	are	a	group	of	transmembrane	proteins,	which	are	evolutionarily	able	

to	 recognize	 pathogen-associated	molecular	 patterns	 in	 bacteria,	 viruses,	 fungi	 and	 parasites.	

Their	expression	ranges	from	immune	cells	to	non-immune	cells,	such	as	trophoblasts,	decidual	

cells	and	amniotic	epithelium.	At	the	feto-maternal	 interface,	TLRs	are	broadly	found	and	they	

guide	 and	 influence	 local	 and	 systemic	 immune	 responses	 in	 the	 placental	 tissue.112	 In	 our	

research	in	Paper	2,	we	focused	on	TLR4,	which	is	an	important	receptor	of	the	innate	immune	

system	and	effectively	guides	host	cell	responses	to	LPS.116	Studies	depict	already	that	TLR4	is	

associated	with	the	occurrence	of	miscarriages.117	TLR4	activates	the	NF-kB	transcription	factor	

by	recognizing	LPS.	It	regulates	the	expression	of	related	factors,	such	as	TNF-α	and	IL-12,	all	of	

which	can	lead	to	habitual	abortion.118	 It	 is	contemplated	that	the	trophoblast	and	its	cells	are	

modulators	of	the	immune	system	within	the	feto-maternal	interface	and	may	regulate	multiple	
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immune	cell	mechanisms.	The	binding	of	TLR4	in	the	trophoblast	stimulates	the	production	of	

pro-inflammatory	cytokines	and	chemokines,	which	then	initiates	the	activation	of	macrophages,	

NK	cells,	and	neutrophils.112,119,120	We	speculate	that	 inadequate	signaling	of	TLR4	may	disturb	

immunologic	pathways.	

	

In	contrast,	IL4	receptor	alpha	(short	IL4Rα)	acts	as	a	generally	known	receptor	in	the	IL4	and	

IL13	 pathways.122	 These	 two	 interleukins,	 common	 anti-inflammatory	 cytokines,	 can	

downregulate	 the	 LPS-induced	 inflammatory	 response	 by	 placental	 tissues	 depending	 on	 the	

IL4Rα.	The	receptor	activation	of	IL4	and	IL13	leads	to	the	transcription	of	the	factors	STAT6	and	

GATA3	which	ultimately	 induces	Th1	and	Th2	responses.123	 IL4	and	13	also	stimulate	various	

cytokines	and	chemokines,	such	as	IL1B,	TNFα,	IL8,	and	the	macrophage	inflammatory	protein	

MIP1A.123,124,125,126,127	One	of	the	main	functions	of	IL4	is	to	induce	the	differentiation	of	naïve	CD4	

positive	 T	 cells	 into	 Th2	 cells.84	 Therefore,	 a	 decrease	 of	 IL4	 receptor	 density	 can	 lead	 to	 an	

enhanced	Th1	cell	response	and	altered	levels	of	Th1	related	cytokines.	Together,	this	may	result	

in	the	rejection	of	the	fetus	and	ultimately	in		pregnancy	loss.	The	induction	of	IL4/13	leads	to	

suppression	of	Th1	and	enhancement	of	Th2	immunity.123,128,129	The	response	to	an	increased	pro-

inflammatory	 environment	 is	 the	 counteraction	 of	 multiple	 anti-inflammatory	 molecules.	

Maintaining	homeostasis	within	the	immune	system	is	essential	for	the	outcome	of	pregnancy.		

1.7 Overview	of	results	and	achievements	
 
The	study	revealed	differences	in	the	expression	of	the	immune	cell	markers	PPARγ,	IL4Rα	and	

TLR4	in	the	decidua	and	the	trophoblast	cells	within	the	placenta	of	spontaneous	miscarriage,	

recurrent	miscarriage,	and	the	healthy	control	group.	Furthermore,	we	aimed	to	show	changes	in	

the	 macrophage	 polarization	 in	 the	 abortive	 placenta	 tissue.	As	 described	 in	 Paper	 1,	 the	

expression	 of	 PPARγ	 in	 the	 placenta	 was	 evaluated	 by	 RT-PCR.	 We	 found	 a	 significant	

downregulation	 of	 PPARγ	 in	 spontaneous	miscarriages	 (p=0.010)	 and	 recurrent	miscarriages	

(p=0.004)	 compared	 to	 the	 control	 cases.	 The	 tissue	 was	 additionally	 examined	 by	

immunohistochemistry.	With	 this	method,	 we	 could	 show	 a	 significantly	 lower	 expression	 of	

PPARγ	in	the	intermediate	villous	trophoblast	(IVT)	in	the	group	of	spontaneous	(p=0.001)	and	

recurrent	 (p=0.01)	 miscarriages	 than	 in	 the	 healthy	 placenta	 group.	 Immunohistochemical	

staining	 of	 CD68,	 a	 marker	 for	 macrophages,	 demonstrated	 that	 decidual	 macrophages	 were	

increased	 in	 recurrent	 (p=0.181)	 and	 significantly	 upregulated	 in	 spontaneous	 (p=0.0013)	

miscarriages	 compared	 to	 the	 control.		 Through	 the	 use	 of	 double	 immunofluorescence,	 we	

identified	 PPARγ	 expressing	 cells	 in	 the	 decidua	 basalis	 and	 CD68	 positive	macrophages.	We	

found	a	very	large	CD68	positive	macrophage	population	and	co-expressing	PPARγ	cells	in	the	

samples	 of	 spontaneous	 miscarriages	 as	 well	 as	 the	 control	 cases.	 In	 contrast,	 in	 recurrent	
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miscarriages,	we	could	demonstrate	a	nearly	total	absence	of	PPARγ	in	macrophages.	We	found	

that	 only	 5-8%	 of	 macrophages	 were	 PPARγ-positive.	 Moreover,	 we	 characterized	 the	 small	

macrophage	population	in	the	recurrent	miscarriage	group	with	M1/M2	markers	and	CD68.	The	

expression	of	the	M1	marker	iNOS	is	found	in	2-5%	of	macrophages	in	the	healthy	placentas	and	

in	90%	of	the	recurrent	miscarriage	placentas.	Another	M1	marker,	TLR2,	is	highly	expressed	in	

the	normal	decidua	but	without	co-expression	in	macrophages.	We	concluded	that	80-90%	of	the	

recurrent	miscarriage	placentas	co-express	TLR2	together	with	macrophages.	Furthermore,	we	

used	the	chemokine	receptor	1	CX3CR1	as	a	M2	marker,	which	is	broadly	expressed	(>95%)	by	

the	control	decidual	macrophages.	In	comparison,	in	the	recurrent	miscarriages,	just	40-50%	of	

macrophages	presented	a	co-expression	with	CX3CR1.	Finally,	we	used	the	chemokine	CCL1,	a	

marker	 for	 the	 subtype	 M2b	 of	 M2	 polarized	 macrophages,	 to	 compare	 the	 macrophages	 in	

recurrent	miscarriage	placentas	with	the	control	placentas.	In	the	control	group,	40-50%	of	the	

macrophages	presented	a	co-expression	with	CCL1.	Whereas,	in	the	recurrent	miscarriage	group	

we	found	only	5-10%	of	macrophages	co-expressing	CCL1.	

	

In	Paper	2,	we	examined	the	expression	of	receptors	TLR4	and	IL4Rα	in	the	trophoblast	and	the	

decidua.	 Immunohistochemistry	 was	 used	 to	 analyze	 the	 samples.	 IL4Rα	 was	 proven	 to	 be		

significantly	downregulated	in	the	syncytiotrophoblast	of	recurrent	(p=0.001)	and	spontaneous	

miscarriage	 placentas	 (p=0.001)	 compared	 to	 the	 healthy	 tissue.	 Additionally,	 in	 the	 decidual	

tissue	 a	 significant	 downregulation	 of	 IL4Rα	 was	 detected	 in	 the	 group	 of	 spontaneous	

miscarriages	 (p=0.021)	 in	 comparison	 to	 the	 control.	 The	 double	 immunofluorescence	 using	

IL4Rα	and	HLA-G	was	used	to	determine	the	expression	of	IL4Rα	in	the	decidua	of	all	three	groups.	

In	 the	healthy	decidual	 tissue,	both	markers	were	 found.	 In	 the	miscarriage	groups,	no	 IL4Rα	

positive	cells	could	be	observed.	Therefore,	we	discovered	a	stronger	expression	of	IL4Rα	positive	

cells	 in	 the	healthy	placenta	 than	 in	 the	spontaneous	and	recurrent	miscarriage	group.	On	the	

mRNA	 level,	 we	 observed	 a	 significant	 downregulation	 of	 IL4Rα	 in	 recurrent	 miscarriages	

(p=0.002),	whereas	in	spontaneous	miscarriages	there	was	no	significant	decrease	in	comparison	

to	the	control	group.	

	

When	 focusing	 on	 the	 trophoblast	 using	 immunohistochemistry,	 the	 intermediate	 villous	

trophoblast	(IVT)	presented	a	significantly	lower	expression	of	TLR4	in	spontaneous	miscarriages	

than	 in	 healthy	 placentas	 (p=0.04).	 TLR4	 tends	 to	 be	 downregulated	 in	 the	 IVT	 of	 recurrent	

miscarriages	(p=0.389)	compared	to	the	control.	TLR4	expression	showed	no	significant	changes	

in	the	miscarriage	groups	either	in	the	syncytiotrophoblast	or	in	the	cytotrophoblast.	In	decidua	

of	abortive	tissue,	we	recognized	a	significant	difference	in	TLR4	between	the	healthy	placenta	

and	the	spontaneous	miscarriages	(p=0.003).	In	the	RT-PCR	a	significant	downregulation	of	the	

mRNA	expression	 of	 TLR4	 in	 the	 group	of	 recurrent	miscarriages	 (p=0.004)	 compared	 to	 the	
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healthy	tissue	was	found.	However,	we	could	not	detect	a	significant	downregulation	of	TLR4	in	

spontaneous	miscarriage	samples.	

1.8 Conclusion:	Immune	regulation	during	and	after	pregnancy	
 
The	 immune	 regulation	 is	 in	 a	 constant	 flow	 in	 human	 beings,	 especially	 before	 and	 during	

pregnancy.	As	mentioned	earlier,	it	has	been	discovered	that	the	macrophage	population	density	

in	 the	 spontaneous	 miscarriage	 changes	 when	 compared	 to	 habitual	 abortions	 and	 healthy	

placenta.	We	speculate	that	the	immune	answer	might	be	over-regulating.	Ultimately,	this	could	

be	the	reason	why	trophoblastic	tissue	is	not	accepted	by	the	mother.	In	contrast,	it	is	believed	

that	in	the	case	of	recurrent	miscarriages,	the	immune	system	has	already	experienced	a	certain	

immunological	 imbalance.	 Therefore,	 the	 immune	 cells	 in	 the	 habitual	 miscarriage	 placenta	

respond	in	a	different	way	to	the	immunological	changes.	Especially	in	Paper	1,	we	demonstrated	

that	PPARγ,	a	M2	macrophage	marker,	was	diminished	significantly	in	the	placentas	of	recurrent	

miscarriages.	The	macrophages	were	examined	further.	Characterizing	the	status	of	polarization	

using	the	M1	markers	TLR2	and	iNOS	and	the	M2	markers	CCL1	and	CX3CR1	proved	the	loss	of	

M2	macrophages	in	the	recurrent	miscarriage	placentas	(Figure	1).	Hence,	we	found	that	there	

was	a	shift	towards	the	M1	polarization,	which	might	support	the	rejection	of	the	fetus.	We	assume	

that	 the	 inflammatory	 response	 is	 suppressed	 and	 modified	 in	 the	 recurrent	 miscarriage	

placentas.	

	

During	pregnancy,	we	discovered	that	the	decidual	macrophage	population	is	altered	significantly	

in	the	spontaneous	and	in	the	recurrent	miscarriage	group.	In	the	latter	group,	we	hypothesize	

that	there	are	no	elevated	levels	of	macrophages	due	to	a	recurring	process	 in	a	dysfunctional	

immune	system.	Studies	showed	that	CD68	positive	macrophages	were	 increased	significantly	

after	 pregnancy,	 but	 the	 number	 did	 not	 diverge	 between	 normal	 pregnancy,	 spontaneous	 or	

recurrent	 miscarriages.	 This	 indicates	 that	 decidual	 macrophages	 are	 recruited	 for	 the	

preparation	and	maintenance	during	pregnancy.92	The	population	of	decidual	macrophages	plays	

an	important	role	as	a	key	immunoregulator	at	the	feto-maternal	interface,	depending	on	the	local	

environmental	actions,	resulting	in	fetal	antigen	tolerance	throughout	gestation.		

	

In	 Paper	 2	we	discovered	 that	 IL4Rα	was	 found	 in	 the	 trophoblast	 of	 spontaneous,	 recurrent	

miscarriages	 and	 normal	 placentas.	 We	 could	 identify	 a	 significant	 downregulation	 of	 IL4Rα	

expression	 of	 the	 trophoblast	 within	 the	 syncytiotrophoblast	 in	 spontaneous	 and	 recurrent	

miscarriages	compared	to	the	healthy	control.	The	invasion	of	the	trophoblast	is	strictly	regulated.	

Studies	 showed	 that	 the	 silencing	 of	 IL4Rα	 may	 affect	 this	 sensitive	 process.	 The	 decreased	

expression	of	IL4Rα	was	reported	to	stimulate	trophoblast	cells	to	invade.130	We	hypothesize	that	
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a	downregulated	IL4Rα	expression	may	be	a	form	of	recovery	in	order	to	promote	the	invasion	of	

trophoblast	cells	and	save	them	from	apoptosis.	

	

There	is	the	growing	belief	that	the	kind	of	response	originated	by	the	placenta	might	define	the	

immunologic	response	of	the	mother	and	consequently	the	pregnancy	outcome.	Multiple	studies	

stated	that	the	placenta	and	decidua	embody	important	immunological	components.	They	modify	

and	affect	the	global	response	of	the	mother	to	protect	the	fetus	from	infections.	The	interaction	

of	 these	 complex	 cellular	 and	 molecular	 aspects	 need	 to	 be	 understood	 in	 order	 to	 make	

appropriate	decisions	related	to	treatment	and	prevention	of	severe	pregnancy	complications.131	

Further	 investigations	 focusing	 on	 the	 interplay	 of	 various	 immunological	 factors	 need	 to	 be	

performed	in	order	to	further	elucidate	this	quite	complex	but	common	phenomenon.	

1.9 Contribution	to	publications	included	in	this	thesis	
	

Elisabeth	Johanna	Rogatsch	(EJR)	performed	the	experiments	for	the	publications	1	and	2	and	

made	substantial	contributions	to	acquisition	of	all	sample	and	the	evaluation	of	data.	EJR	majorly	

contributed	to	the	data	analysis	and	completed	the	statistical	work.	EJR	took	the	images	included	

in	the	publications,	drafted	and	wrote	the	material	and	methods	parts	of	Paper	1	and	Paper	2.		
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2. PUBLICATIONS	INCLUDED	IN	THE	THESIS	

2.1. Publication	1	
	

Titel:		

PPARγ	expression	is	diminished	in	macrophages	of	recurrent	miscarriage	placentas	

	

Authors:		

Theresa	Maria	Kolben,	Elisabeth	Rogatsch,	Aurelia	Vattai,	Anna	Hester,	Christina	Kuhn,	

Elisa	Schmoeckel,	Sven	Mahner,	Udo	Jeschke	and	Thomas	Kolben	

	

Journal:		

International	Journal	of	Molecular	Science	2018	26	June;19(7).	doi:10.3390/ijms19071872	

	

Abstract:	

Background:	 PPARγ	 belongs	 to	 the	 group	 of	 nuclear	 receptors	 which	 is	 expressed	 in	 the	

trophoblast	 and	 together	with	 other	 factors	 is	 responsible	 for	 the	maintenance	 of	 pregnancy.	

Apart	from	that	PPARγ	is	also	a	main	factor	for	macrophage	polarization.	The	aim	of	this	study	

was	to	investigate	the	combined	expression	pattern	and	frequency	of	PPARγ	under	physiological	

circumstances	and	in	spontaneous	and	recurrent	miscarriages	in	the	trophoblast	and	in	maternal	

macrophages	of	the	decidua.	

Methods:	 Human	 placental	 tissues	 of	 the	 first	 trimester	 (15	 physiologic	 pregnancies,	 15	

spontaneous	abortion	and	16	recurrent	miscarriage	placentas)	were	analyzed	for	expression	of	

the	nuclear	receptor	PPARγ.	Expression	changes	were	evaluated	by	immunohistochemistry	and	

real	 time	PCR	(RT-PCR)	 in	 trophoblast	and	 in	maternal	macrophages	of	 the	decidua.	Maternal	

macrophages	were	identified	by	double	immunofluorescence	using	cluster	of	differentiation	68	

(CD68)	as	marker	for	macrophages	and	further	characterized	regarding	their	M1/M2	polarization	

status.	

Results:	The	intermediate	villous	trophoblast	revealed	a	significantly	lower	PPARγ	expression	in	

spontaneous	 and	 recurrent	 abortion.	 Maternal	 macrophages	 express	 PPARγ	 Their	 number	 is	

significantly	 enhanced	 in	 the	 decidua	 of	 spontaneous	 miscarriages	 whereas	 in	 recurrent	

miscarriages	maternal	macrophages	seem	to	express	PPARγ	only	in	very	few	cases.		

Conclusion:	PPARγ	is	associated	with	an	M2	polarization	state	that	is	common	for	

decidual	macrophages.	The	lack	of	PPARγ	in	recurrent	miscarriage	decidual	macrophages	seems	

to	be	associated	with	a	specific	inflammatory	response	against	the	fetus.	
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Abstract: PPAR� belongs to the group of nuclear receptors which is expressed in the trophoblast
and together with other factors is responsible for the maintenance of pregnancy. Apart from that
PPAR� is also a main factor for macrophage polarization. The aim of this study was to investigate
the combined expression pattern and frequency of PPAR� under physiological circumstances and
in spontaneous and recurrent miscarriages in the trophoblast and in maternal macrophages of the
decidua. Human placental tissues of the first trimester (15 physiologic pregnancies, 15 spontaneous
abortion and 16 recurrent miscarriage placentas) were analyzed for expression of the nuclear receptor
PPAR�. Expression changes were evaluated by immunohistochemistry and real time PCR (RT-PCR)
in trophoblast and in maternal macrophages of the decidua. Maternal macrophages were identified
by double immunofluorescence using cluster of differentiation 68 (CD68) as marker for macrophages
and further characterized regarding their M1/M2 polarization status. The intermediate villous
trophoblast revealed a significantly lower PPAR� expression in spontaneous and recurrent abortion.
Maternal macrophages express PPAR�. Their number is significantly enhanced in the decidua of
spontaneous miscarriages whereas in recurrent miscarriages maternal macrophages seem to express
PPAR� only in very few cases. PPAR� is associated with an M2 polarization state that is common for
decidual macrophages. The lack of PPAR� in recurrent miscarriage decidual macrophages seems to
be associated with a specific inflammatory response against the fetus.

Keywords: PPAR�; first trimester placenta; decidual macrophages; miscarriage

1. Introduction

Miscarriage, which is defined as either spontaneous or recurrent, is a common disorder in
pregnancy [1]. It affects 25–50% of all reproductive-aged women. Immunologic, endocrine and
metabolic mechanisms are involved in the success of human pregnancy and disturbances in any
of these processes can lead to fetal loss [2]. Established risk factors are fetal chromosomal or
endocrine disorders for spontaneous miscarriages and the antiphospholipid syndrome, thrombophilia
or maternal anatomical malformations, especially for recurrent pregnancy losses [3]. In nearly 50% of
affected patients, however, the cause of miscarriage remains unknown [4].

Peroxisome proliferator-activated receptor � (PPAR�) belongs to the family of nuclear receptors [5]
that are key players in maintaining pregnancy [6,7]. PPAR�, together with its heterodimer binding

Int. J. Mol. Sci. 2018, 19, 1872; doi:10.3390/ijms19071872 www.mdpi.com/journal/ijms
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partner retinoid X receptor alpha (RXR↵), are involved in cell proliferation, cell differentiation, and
organogenesis [8]. RXR↵ is upregulated in extravillous trophoblast in recurrent miscarriages in
humans [9]. RXR↵ plays a pivotal role in the receptor family, due to its ability to form heterodimers
with other nuclear receptors. Heterodimer partners include, e.g., peroxisome proliferator-activated
receptor (PPAR), thyroid hormone receptor (TR), and liver X receptor (LXR) [2,10–12]. Especially the
expression of the isoform PPAR� is linked to trophoblast invasion [13] and downregulation of the
isoform RXR↵ seems to protect from apoptosis in human trophoblasts [9].

Not only trophoblast cells express PPAR�, but also macrophages [14]. Macrophages play a
key role in immune response and they can respond to environmental stimuli by acquiring specific
phenotypes [15]. In response to external cues they will undergo classical M1 activation with high levels
of inflammation and microbicide as well as anti-tumor activity. Alternatively, the M2 pathway contains
mostly parasite containment, tissue remodeling and most importantly in this case immunomodulatory
functions like pregnancy [16–18].

Our former studies showed that the number of decidual macrophages is increased at the
feto-maternal interface of preeclampsia placentas [19] and also in spontaneous miscarriage cases.
An additional finding was the FasL-positivity of these macrophages [20]. Therefore, the aim of this
study was a phenotype characterization of macrophage populations in abortive placental tissue, its
PPAR� expression and the characterization of PPAR� expressing trophoblast sub-types.

2. Results

2.1. Immunohistochemistry

2.1.1. PPAR�-Expression in the Trophoblast

The expression of PPAR� in the nucleus and cytoplasm of trophoblast cells was analyzed in
tissue from healthy pregnancies (15 cases), spontaneous miscarriages (SM, 15 cases), and recurrent
miscarriages (RM, 16 cases; Figure 1a–d). The intermediate villous trophoblast (IVT) revealed a
significantly lower expression in the group with recurrent abortions (Figure 1b) than in the group with
healthy placentas (Figure 1a, IRS 8 vs. 12, p = 0.01). There was a significant downregulation of PPAR�
in the IVT of spontaneous abortions (Figure 1c, IRS 9 vs. 12, p = 0.001) compared to the control group.
Briefly, the staining results are shown in the boxplot in Figure 1d.
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Figure 1. Immunohistochemical staining of Peroxisome proliferator-activated receptor gamma 

(PPAR·) in the villous trophoblast. PPAR· expression is found with high distribution and intensity 

in intermediate villous trophoblastic cells (IVT) of first-trimester placentas. The control group (15 

cases) showed the strongest expression pattern (a). PPAR· was significantly downregulated (p = 

0.01) in trophoblastic tissue of recurrent miscarriage (RM, 16 cases, (b). PPAR· expression in the IVT 

of spontaneous miscarriage tissue (SM, 15 cases), (c) was significantly decreased compared to the 

control (p = 0.001). The boxplot summarizes the statistical data of the immunohistochemical staining 

results (d). Scale is 200 ΐm. The insert picture is 100 ΐm scaled. 

2.1.2. CD68 Positive Decidual Macrophages in the Decidua 

CD68 positive macrophages were investigated in the placenta of healthy pregnancies (15 cases), 

SM (15 cases), and RM (16 cases; Figure 2a–d). The number of CD68 positive macrophages was low 

in the decidua basalis of control specimens (Figure 2a). The macrophages were slightly increased in 

decidua basalis RM samples, but without statistical significance (p = 0.181) (Figure 2b; median 

number of macrophages = 21 vs. 16). Decidual macrophages were significantly increased in the 

decidua basalis SM group (p = 0.013) (Figure 2c; median number of macrophages 32 vs. 16). A 

summary of the staining results is shown in Figure 2d. 

Figure 1. Immunohistochemical staining of Peroxisome proliferator-activated receptor gamma (PPAR�)
in the villous trophoblast. PPAR� expression is found with high distribution and intensity in
intermediate villous trophoblastic cells (IVT) of first-trimester placentas. The control group (15 cases)
showed the strongest expression pattern (a). PPAR� was significantly downregulated (p = 0.01) in
trophoblastic tissue of recurrent miscarriage (RM, 16 cases, (b). PPAR� expression in the IVT of
spontaneous miscarriage tissue (SM, 15 cases), (c) was significantly decreased compared to the control
(p = 0.001). The boxplot summarizes the statistical data of the immunohistochemical staining results
(d). Scale is 200 µm. The insert picture is 100 µm scaled.

2.1.2. CD68 Positive Decidual Macrophages in the Decidua

CD68 positive macrophages were investigated in the placenta of healthy pregnancies (15 cases),
SM (15 cases), and RM (16 cases; Figure 2a–d). The number of CD68 positive macrophages was low
in the decidua basalis of control specimens (Figure 2a). The macrophages were slightly increased in
decidua basalis RM samples, but without statistical significance (p = 0.181) (Figure 2b; median number
of macrophages = 21 vs. 16). Decidual macrophages were significantly increased in the decidua basalis
SM group (p = 0.013) (Figure 2c; median number of macrophages 32 vs. 16). A summary of the staining
results is shown in Figure 2d.
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Figure 2. Immunohistochemical staining of decidual macrophages with CD68 as a marker for
macrophage positivity. Decidual macrophages were increased in RM (16 cases) and SM samples
(15 cases) compared to the control group (15 cases), (a). In recurrent miscarriage specimens,
the decidual macrophages tended to be upregulated (p = 0.181) (b). In spontaneous miscarriage
samples, the population of macrophages was significantly higher compared to the control (p = 0.013) (c).
Summary of staining results of CD68 positive decidual macrophages (d). Scale is 200 µm. The insert
picture is 100 µm scaled.

2.2. Double Immunofluorescence

Identification of PPAR�-Expressing Cells in the Decidua Basalis

Decidua basalis tissue of regular first trimester pregnancies (15 cases), SM (15 cases) and RM
(16 cases) was double stained using antibodies against PPAR� (green staining), and CD68 (red
staining). Nuclear staining appeared in blue. PPAR� + CD68 double immunofluorescence staining
was performed to investigate the macrophage expression of PPAR� in RM, SM and control groups.
CD68 staining in the cytoplasm of normal decidual cells is shown in Figure 3a. Figure 3b presents
the cytoplasmic staining of PPAR� positive cells from the same area. The depiction of CD68 and
PPAR� is represented as a co-expression by triple filter excitation in Figure 3c. Both markers are
ubiquitously expressed in the healthy placenta (Figure 3a–c). A large number of CD68-positive
macrophages was observed in RM samples (Figure 3d), although with almost no PPAR� expression
(Figure 3e). Triple filter excitation demonstrates (Figure 3f) a near absence of PPAR� in macrophages
of recurrent miscarriages. A large population of CD68 positive macrophages (Figure 3g) and PPAR�
expressing cells (Figure 3h) was detected in SM samples. Figure 3i shows a strong co-expression
of both markers. We identified CD68 positive macrophages also expressing PPAR� in the healthy
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and in the spontaneous miscarriage placenta. In the group of recurrent miscarriages only very few
PPAR�-expressing macrophages (5–8% of the macrophages in RM are PPAR�-positive) were detected.
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Figure 3. Double Immunofluorescence of CD68 & PPAR�. CD68 (red staining), PPAR� (green staining),
nuclear staining (blue). CD68 (a) and PPAR� (b) are expressed in the decidua of healthy placenta
(15 cases), co-expression presented as triple filter yellow (c). High distribution of CD68 positive
macrophages was found in RM (16 cases), (d). PPAR�-positive cells are shown in (e). Triple filter
excitation showed an absence of PPAR� positive macrophages (f). Both markers (CD68, (g) and PPAR�,
(h)) are co-expressed in the group of SM (15 cases), (i). All pictures are 40⇥ lens.

2.3. Characterization of the Macrophage Population in Recurrent Miscarriage Cases

Because macrophages in RM cases (16 cases) expressed PPAR� only in 5–8% of the total
macrophage population compared to healthy control tissue (15 cases) and SM (15 cases), we further
characterized these cells with a panel of M1/M2 markers and CD68. The M1 marker iNOS is expressed
in 2–5% of the macrophages in healthy controls (CD 68 Figure 4a; iNOS Figure 4b, triple filter excitation
Figure 4c). In RM cases, iNOS is expressed in 90% of the macrophages (CD68 Figure 4d, iNOS Figure 4e,
triple filter excitation Figure 4f). TLR2 is intensely expressed in the healthy decidua but showed no
co-expression with macrophages (CD 68 Figure 5a, TLR2 Figure 5b, triple filter excitation Figure 5c).
In RM cases, TLR2 as M1 marker is co-expressed with macrophages in 80–90% of the cases (CD68
Figure 5d, TLR2 Figure 5e, triple filter excitation Figure 5f). The chemokine CCL1 is a marker for M2b
polarized macrophages. In healthy controls, 40–50% of the macrophages showed co-expression with
CCL1 (CD68 Figure 6a, CCL1 Figure 6b, triple filter excitation Figure 6c). In RM cases, only 5–10%
of the macrophages showed co-expression with CCL1 (CD68 Figure 6d, CCL1 Figure 6e, triple filter
excitation Figure 6f). CX3C chemokine receptor 1 (CX3CR1) as a M2 macrophage marker is widely
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expressed (>95%) on healthy control decidual macrophages (CD68 Figure 7a, CX3CR1 Figure 7b, triple
filter excitation Figure 7c). In RM cases, only 40–50% of the macrophages showed co-expression with
C X3CR1 (CD68 Figure 7d, CX3CR1 Figure 7e, triple filter excitation Figure 7f).
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Figure 4. Double Immunofluorescence of CD68 and iNOS. CD68 (green staining), iNOS (red staining),
nuclear staining (blue). CD68 (a) and iNOS (b) are co-expressed only in few macrophages in the
decidua of healthy placenta, presented as triple filter yellow (c). High distribution of CD68 positive
macrophages was found in RM (d). iNOS positive cells are shown in (e). Triple filter excitation shows a
co-expression of iNOS and macrophages (f). All pictures are 40⇥ lens.
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Figure 5. Double Immunofluorescence of CD68 and TLR2. CD68 (green staining), TLR2 showed strong
expression in the healthy decidua (red staining), nuclear staining (blue). CD68 (a) and TLR2 (b) are
not co-expressed in the decidua of healthy placenta, presented as triple filter yellow (c). CD68 positive
macrophages in RM placenta (d). TLR2 positive cells are shown in (e). Triple filter excitation shows a
co-expression of TLR2 and macrophages (f) in the RM placenta. All pictures are 40⇥ lens.
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Figure 6. Double Immunofluorescence of CD68 and CCL1. CD68 (green staining), CCL1 showed
intense expression in the healthy decidua (red staining), nuclear staining (blue). CD68 (a) and CCL1
(b) are co-expressed in the decidua of healthy placenta in a number of cells, presented as triple filter
yellow (c). CD68 positive macrophages in RM placenta (d). Only few CCL1 positive cells are shown in
(e). Triple filter excitation shows a diminished co-expression of CCL1 and macrophages (f) in the RM
placenta. All pictures are 40⇥ lens.
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Figure 7. Double Immunofluorescence of CD68 and CX3CR1. CD68 (green staining), CX3CR1 showed
expression in a variety of different cell types including endometrial glands and decidual stromal
cells [21] in the healthy decidua (red staining), nuclear staining (blue). CD68 (a) and CX3CR1 (b) are
co-expressed in the decidua of healthy placenta in almost all CD 68-positive cells (>95%), presented
as triple filter yellow (c). CD68 positive macrophages in RM placenta (d). Only 40–50% CX3CR1
expressing cells (e) showed co-expression with CD68, as shown in (f). All pictures are 40⇥ lens.



 PUBLICATION	 	

20 

 

Int. J. Mol. Sci. 2018, 19, 1872 8 of 15

2.4. Evaluation of PPARg Expression with Real-Time RT-PCR (TaqMan)

PPAR� mRNA (PPARG) expression was analyzed in placental tissue from SM, RM and healthy
controls by quantitative RT-PCR. PPAR� was significantly downregulated in SM (15 cases, 1.8-fold;
p = 0.010) and in RM (16 cases, 1.5-fold; p = 0.004) compared to the control group (15 cases, Figure 8).
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Figure 8. Results of PPAR� mRNA expression analysis with TaqMan RT-PCR from trophoblastic tissue.
PPAR� mRNA expression was significantly downregulated in the miscarriage groups (SM, 15 cases,
p = 0.01) and RM, 16 cases, p = 0.004)) compared to the healthy controls (15 cases). This bar graph shows
the mean of relative PPAR� expression; therefore, the presentation of error bars is not appropriate.

3. Discussion

Within this study we could show that PPAR� is downregulated in the intermediate
villous trophoblast (IVT) in both spontaneous (SM) and recurrent miscarriage (RM) placentas.
The downregulation of PPAR� was confirmed by RT-PCR in both miscarriage pregnancy cases.

In addition, we showed that in recurrent miscarriages, decidua basalis macrophages are nearly
PPAR�-negative, whereas in normal controls and surprisingly also in SM decidua basalis macrophages
are all PPAR�-positive. The additional characterization of the macrophage polarization status using
the M1 polarization markers TLR2 and iNOS [22] and the M2 polarization markers CCL1 and CX3CR1
confirmed the loss of M2 polarized marcrophages [23] in recurrent miscarriages.

PPAR� as nuclear receptor is already known to be essential for the maturation of alternatively
activated M2 macrophages [24]. M2 macrophages and decidual macrophages have mainly immune
regulatory and homeostatic properties [25]. These macrophages have little in common with
pro-inflammatory M1 macrophages, which is in line with the role for decidual macrophages in
establishing and sustaining fetal tolerance [26].

In addition, rosiglitazone as a selective peroxisome PPAR� agonist has been shown to induce
an M2 macrophage polarization via activating the PPAR� pathway [27,28]. The activation of PPAR�
suppresses gene transcription by interfering with signal transduction pathways, such as the nuclear
factor 'kappa-light-chain-enhancer' of activated B-cells (NF-B), Signal transducer and activator of
transcription (STAT), and Activator protein 1 (AP-1) pathways that are involved in pro-inflammatory
immune responses [29–31]. It is a striking result of this study, that we could identify the loss of PPAR�
in decidual macrophages of patients with recurrent miscarriages but not in patients with SM and of
course in normal control placentas.

In spontaneous miscarriages, we identified a significant increase of decidual macrophages,
although they were PPAR� positive. In former studies, we could show that these macrophages
express FasL [20]. The expression of FasL on decidual macrophages had been already described
before [32].
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The role of the Fas/FasL system in the conditions of spontaneous abortion and pregnancy had
been described for T cell apoptosis by decidual and trophoblast cells earlier [33,34]. Our group
was able to describe an increased expression of FasL in decidual macrophages of spontaneous
miscarriages [20]. Therefore, we speculated that FasL expression by macrophages could be a part of an
M2-like polarization. FasL-expressing macrophages could induce apoptosis to Fas-bearing activated
T-cells reducing potentially harmful immune responses against the semi-allogenic embryo. We further
assumed that macrophages might mediate the T-cell triggered trophoblast apoptosis highlighting an
alternative way of inducing apoptosis in SM [15].

Placental growth is exponential in the first trimester of pregnancy and involves coordinated
events in trophoblast and mesenchyme, one of these is the differentiation of progenitor cytotrophoblast
cells into intermediate villous trophoblast cells (IVT). These IVT are programmed to either fuse with
the syncytium, or are transferred to extravillous trophoblast cells [35]. We found a downregulation of
PPAR� in the IVT compartment in both spontaneous and recurrent miscarriage on protein as well as on
mRNA-level. Already decades ago, the natural binding partner of PPAR�, the RXR↵ was described in
this trophoblast compartment: RAR and RXR, both types of receptors were present in the proliferative
intermediate villous trophoblast [36]. Later, RXR↵ was found to play a crucial role in pregnancy and
is a key regulator of apoptosis in trophoblasts of patients with recurrent miscarriages [9]. PPAR�,
on the other hand, was also described to be dysregulated in different trophoblast compartments
of the miscarriage placenta [37,38], although PPAR� expression in the IVT was never investigated
before. Interestingly, Fournier et al. described that activation of PPAR� induces accumulation of
lipids, villous trophoblast differentiation and inhibits trophoblast invasiveness [39]. In addition,
the expression of PPAR� is downregulated by stimulation of trophoblast cells with either arachidonic
acid or 15d-PGJ2 [40]. Because we identified a downregulation of PPAR� in the IVT of miscarriages
and a missing PPAR� expression in macrophages of RM cases, we might speculate that PPAR� ligands
(e.g., prostaglandins) are released to a higher extent under these pathological circumstances.

4. Materials and Methods

4.1. Patient Data

The Institutional Review Board of the Ludwig-Maximilian-University, Munich, (Number of
approval: 337-06, 29 December 2006) approved this study. All women signed an informed consent
allowing analysis of all clinical and laboratory data mentioned in this study. Placental tissue from
spontaneous miscarriages (SM) (n = 15) and recurrent miscarriages (RM) (n = 16) at gestational weeks
4 to 13 was obtained at the Department of Obstetrics and Gynecology, LMU Munich. Placental
tissue from legal terminations of healthy pregnancies (n = 15) served as control group. The tissue
was collected at a private practice clinic in Munich, Germany. The control group specimens were
confirmed as healthy by a blinded independent pathologist. All placental material was acquired
by dilatation and curettage, without any prior pharmaceutical induction. In cases of SM and RM,
the operation was performed within 24 h after diagnosis. Instantly, after the uterine curettage,
the obtained tissue was either frozen or formalin fixed for further analysis. All patients included
had an inconspicuous family and medical history, which was obtained systematically. Patients with
common disorders, autoimmune diseases, thrombophilia and microbiological infections (Bacteria and
Chlamydia trachomatis) were excluded. Chromosomal abnormalities were ruled out by karyotype
analysis in all samples, as described recently [11,41]. Table 1 summarizes the number of samples used
for immunohistochemical staining for each gestational week. Table 2 shows the demographic and
clinical characteristics of the study population.
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Table 1. Number of slides used for immunohistochemical staining for each gestational week.

Gestational Age Normal Pregnancy Spontaneous Miscarriage Recurrent Miscarriage

4th week 0 0 1
7th week 2 1 3
8th week 4 5 5
9th week 2 2 4

10th week 3 3 0
11th week 0 3 2
12th week 3 1 1
13th week 1 0 0

n = 15 n = 15 n = 16

Table 2. Demographic and clinical characteristics of the study population.

Characteristics *
Normal Pregnancy

n = 15

Spontaneous Miscarriage

n= 15

Recurrent Miscarriage

n= 16

p Value

(Kruskal Wallis Test)

Maternal age
(years)

31.18 ± 8.06
(18.7�43.3)

37.8 ± 4.51
(29.2–43.2)

35.76 ± 4.8
(29.5–46.9) 0.049

Gestational age
(weeks)

9.53 ± 1.95
(7–13)

8.4 ± 1.89
(7–12)

9.3 ± 1.49
(4–12) 0.276

Gravidity 4 ± 1.8
(1–7)

1.6 ± 0.9
(1–4)

3.1 ± 1.1
(2–5) 0.001

Parity 2 ± 1.1
(0–4)

0.9 ± 0.8
(0–2)

0.3 ± 0.6
(0–2) 0.003

Values are Mean ± S.D. * Mean, standard deviation, range.

4.2. Immunohistochemistry

Formalin-fixed tissue slides were embedded in paraffin wax for immunohistochemistry. Samples
were deparaffinized in xylol for 20 min and rinsed in 100% ethanol. Methanol/H2O2 incubation for
20 min was performed to inhibit endogenous peroxidase reaction. Afterwards, the specimens were
rehydrated in deescalating alcohol gradients, starting with 100% ethanol and ending with distilled
water. The samples were cooked in a pressure pot, containing a sodium citrate buffer (pH = 6.0), which
consisted of 0.1 mM citric acid and 0.1 mM sodium citrate in distilled water. Subsequently, samples
were washed in PBS twice and incubated with a blocking solution (reagent 1, ZytoChem Plus HRP
Polymer System (Mouse/Rabbit), Zytomed, Berlin, Germany) for 5 min. Incubation with the primary
antibody was performed with each section for 16 h at 4 �C. All antibodies used are listed in Table 3.
Following every subsequent step, samples were washed twice in PBS (pH = 7.4). Blocking solutions,
containing post block (reagent 2) for 20 min and HRP-Polymer (reagent 3) for 30 min, were applied.
The chromogen-substrate staining was carried out using the Liquid DAB+ Substrate Chromogen
System (Dako Scientific, Glostrup, Denmark), 1 min for CD68 and 2 min for PPAR�. The reaction
was stopped by applying distilled water. Finally, tissue samples were counterstained with Hemalaun
for 2 min and blued in tap water. Specimens were dehydrated in an ascending alcohol gradient and
cover slipped with Eukitt® quick hardening mounting medium (Sigma Aldrich, St. Louis, MO, USA).
Positive control (human colon tissue) as well as negative control staining was carried out as described
previously [10,40]. All slides were analyzed using the microscope Leitz Wetzlar (Wetzlar, Germany;
Type 307-148.001 514686). The immunoreactive score (IRS) was used for evaluation of the intensity and
distribution pattern of antigen expression. This semi-quantitative score is calculated as follows: the
optical staining intensity (grades: 0 = none, 1 = weak, 2 = moderate, 3 = strong staining) is multiplied
by the total percentage of positively stained cells (0 = none, 1  10%, 2 = 11–50%, 3 = 51–80% and
4 � 81% of the cells). This multiplication has a minimum of 0 and a maximum of 12. Analysis of all
slides was performed independently by two experienced staff members. Total number of macrophages
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in a magnification field of 40⇥ lens was calculated three times each in 3 different areas of the decidua
basalis. The median number was calculated.

Table 3. Antibodies used for immunohistochemical characterization and double immunofluorescence
of placental tissue samples.

Antibody Isotype Clone Dilution Source

PPAR� a,b rabbit IgG polyclonal 1:500 in PBS a

1:500 in Dako b
Abcam Serotec, Cambridge, UK
DAKO (S322); Carpenteira, CA, USA

CD 68 a,b mouse IgG1 monoclonal 1:8000 in PBS a

1:8000 in Dako b
Sigma Aldrich (CL1346), St. Louis, MO, USA
DAKO (S322); Carpenteira, CA, USA

iNOS b Rabbit IgG polyclonal 1:3000 in Dako Thermo Scientific, (NPA3-030A)
DAKO (S322); Carpenteira, CA, USA

TLR2 b Rabbit IgG polyclonal 1:750 in Dako Sigma Aldrich, St. Louis, MO, USA
Dako (S322); Carpenteira, CA, USA

CCL1 b Rabbit IgG polyclonal 1: 50 in Dako Sigma Aldrich, St. Louis, , MO, USA
Dako (S322); Carpenteira, CA, USA

CX3CR1 b Rabbit IgG polyclonal 1: 400 in Dako Abcam Serotec, Cambridge, UK
Dako (S322); Carpenteira, CA, USA

Cy-2 or -3 b goat IgG
anti-mouse polyclonal 1:500 b Dianova, Hamburg, Germany

Cy-2 or -3 b goat IgG
anti-rabbit polyclonal 1:100 b Dianova, Hamburg, Germany

a antibodies used for immunohistochemistry, b antibodies used for immunofluorescence.

4.3. Immunofluorescence

4.3.1. Evaluation of PPAR�-Expressing Cells as Macrophages

For the visualization of PPAR�-expressing cells in the trophoblast, tissue samples of SM, RM,
both first-trimester abortion placentas, and healthy controls (first trimester) were used. The antibodies
used are shown in Table 3. Double immunofluorescence staining for PPAR� and CD68 as a specific
macrophage marker was performed to identify expression patterns in the nucleus and the cytoplasm.

4.3.2. Evaluation of M1/M2 Marker on Decidual Macrophages

In order to further characterize the macrophage polarization state, TLR2 and iNOS, as well as
CCL1 and CX3CR1, were used for M1 and M2 polarization, respectively. Each specimen was incubated
overnight at 4 �C with monoclonal anti-CD68 mouse IgG1 and one of the polyclonal IgG antibodies
against PPAR�, TLR2, iNOS, CCL1, or CX3CR1. Polyclonal Cy-2- and polyclonal Cy-3-conjugated
antibodies (Dianova, Hamburg, Germany) were used as secondary antibodies. Incubation was
performed for 30 min at room temperature. Samples were fixed with Vectashield® mounting medium
with DAPI (Vector Laboratories; Burlingame, CA, USA) and analyzed with the Axioskop fluorescent
photomicroscope (Zeiss; Oberkochen, Germany). Images were taken with the Axiocam camera system
(Zeiss CF20DXC).

4.4. Evaluation of PPARg with Real-Time RT-PCR (Taq Man)

4.4.1. RNA Extraction from Placental Tissue

mRNA extraction was accomplished using the placental tissue of 15 women with SM, 16 women
with RM and 15 healthy controls from the 7th to the 12th week of gestation. RNA extraction using
10 mg tissue of each sample was accomplished with RNeasy® Lipid Tissue Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol.
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4.4.2. Reverse Transcription

According to the protocol reverse transcription (RT) was carried out with the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems™, Fisher Scientific Company, Waltham, MA,
USA) and placed in a mastercycler® gradient (Eppendorf, Hamburg, Germany). RT conditions were as
follows: 10 min at 25 �C, 2 h at 37 �C, 5 min at 85 �C and continued by a hold step at �20 �C.

4.4.3. Real-Time Reverse Transcription PCR

After conversion of RNA to cDNA, PCR was performed on all samples individually. Real-Time
Reverse Transcription PCRs were covered with optical caps in optical 96-well (Applied Biosystems™,
Fisher Scientific Company, Waltham, MA, USA) reaction microtiter plates. Each reaction was
accomplished with a volume of 20 µL, including 1 µL cDNA, 8 µL H2O (DEPC treated DI water;
Sigma, Taufkirchen, Germany) and 10 µL TaqMan® Fast Universal PCR Master Mix 2⇥ (Applied
Biosystems, Nr. 4367846; 50 mL). The total contained 1 µL TaqMan® Gene Expression Assay 20⇥
(HS01115513_m1 for PPAR�, Applied Biosystems). The temperature protocol was as follows: 20 s at
95 �C, 40 cycles of amplification, denaturation for 3 s at 95 �C and denaturation plus annealing process
for 30 s at 60 �C. Processing the PCR assays was performed using the 7500 Fast Real-Time PCR System
(Applied Biosystems), and quantification was accomplished by the 2�DDCt method using �-actin as
housekeeping gene (Applied Biosystems, Hs_99999903_m1).

4.5. Statistics

Analysis of the collection and statistical data was processed with the SPSS software version 24
(SPSS, Chicago, IL, USA) and Excel version 12.3.1 (Microsoft Windows 2016; Redmond, WA, USA).
The Mann-Whitney U signed-rank test was used for the comparison of two independent groups.
p-values < 0.05 were considered to be statistically significant.

5. Conclusions

Mouse knockout models showed that PPAR� is essential for placentation. PPAR� depletion
leads to fetal loss in early pregnancy due to the missing PPAR� expression and extended placental
defects [42]. In addition, decidual M1-like macrophage polarization events are associated with PPAR�
modulation strategies [14]. Therefore, the PPAR� pathway is a new molecular target for future
preventive strategies for the treatment of spontaneous and recurrent miscarriages.
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Abstract:	

Background:	 The	 purpose	 of	 this	 study	 was	 to	 analyze	 the	 involvement	 of	 signaling	 via	

Interleukin-4-Receptor	α	(IL4Rα)	and	Toll	like	receptor	(TLR)	4	at	the	fetomaternal	interface	in	

the	process	of	early	pregnancy.		

Methods:	 Placenta	 specimens	 of	 46	 patients	 in	 early	 pregnancy	 were	 analyzed	 (normal	

pregnancy	 (n=15),	 spontaneous	 (n=15)	 and	 habitual	 abortion	 (n=16)).	 TLR4	 and	 IL4Rα	were	

analyzed	by	immunohistochemistry,	immunofluorescence	and	real	time	PCR.	Statistical	analysis	

was	carried	out	using	SPSS	23	and	Microsoft	Excel.		

Results:	 IL4Rα	 could	 be	 detected	 in	 trophoblast	 cells	 of	 all	 groups.	 It	 was	 significantly	

downregulated	in	the	syncytiotrophoblast	of	spontaneous	and	recurrent	abortions	(p=0.001),	and	

in	decidual	tissue	of	spontaneous	abortions	(p=0.001).	Expression	of	TLR4	was	decreased	in	the	

intermediate	villous	trophoblast	(IVT)	and	decidua	of	spontaneous	abortions	(p=0.04	&	0.003,	

respectively).	On	mRNA	level	expression	of	IL4Rα	and	TLR4	was	significantly	decreased	in	the	

group	of	recurrent	miscarriages	(IL4Rα	p=0.002,	TLR4	p=0.004).		

Conclusion:	This	study	contributes	new	findings	to	the	understanding	of	the	complex	molecular	

interplay	at	the	fetomaternal	interface	in	normal	pregnancy	and	miscarriages.	For	the	first	time	

signaling	 via	 IL4Rα	 being	 involved	 at	 the	 very	 beginning	 of	 the	 generation	 of	 new	 life	 could	

demonstrated.	Moreover,	new	evidence	was	provided	regarding	TLR4	playing	a	pivotal	role	 in	

early	pregnancy.	
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A B S T R A C T

Background: The purpose of this study was to analyze the involvement of signaling via Interleukin-4-Receptor α
(IL4Rα) and Toll like receptor (TLR) 4 at the fetomaternal interface in the process of early pregnancy.
Patients And Methods: Placenta specimens of 46 patients in early pregnancy were analyzed (normal pregnancy
(n=15), spontaneous (n= 15) and habitual abortion (n=16)). TLR4 and IL4Rα were analyzed by im-
munohistochemistry, immunofluorescence and real time PCR. Statistical analysis was carried out using SPSS 23
and Microsoft Excel.
Results: IL4Rα could be detected in trophoblast cells of all groups. It was significantly downregulated in the
syncytiotrophoblast of spontaneous and recurrent abortions (p= 0.001), and in decidual tissue of spontaneous
abortions (p= 0.001). Expression of TLR4 was decreased in the intermediate villous trophoblast (IVT) and
decidua of spontaneous abortions (p= 0.04 & 0.003, respectively). On mRNA level expression of IL4Rα and
TLR4 was significantly decreased in the group of recurrent miscarriages (IL4Rα p=0.002, TLR4 p=0.004).
Conclusion: This study contributes new findings to the understanding of the complex molecular interplay at the
fetomaternal interface in normal pregnancy and miscarriages. For the first time signaling via IL4Rα being in-
volved at the very beginning of the generation of new life could demonstrated. Moreover, new evidence was
provided regarding TLR4 playing a pivotal role in early pregnancy.

1. Introduction

Miscarriage is the most frequent complication of early pregnancy.
The incidence decreases with older gestational age (Macklon et al.,
2002). In clinical recognized pregnancies the frequency reaches 20%.
Loss of spontaneous conceptions prior to diagnosis and verification of
the pregnancy occurs in up to 25% (Lohstroh et al., 2005; Wang et al.,
2003). This rate is even higher (50–60%) when preimplantation losses
are taken into consideration, too (Macklon et al., 2002; Rai and Regan,
2006). Human reproduction underlies a sophisticated interaction of
multiple regulatory systems. Involved are metabolic, immunologic, and
endocrine mechanisms. Failures in only one of these systems can result
in fetal loss. Fetal chromosomal abnormalities are found in half of the
cases of miscarriages. Known additional factors which can contribute to
spontaneous abortions are anatomic abnormalities of the uterus, in-
fections, external (i.e. chemical agents) or psychological factors (Regan
and Rai, 2000). However, in about 50% of the cases of abortions the
cause remains unclear.

The rate of women of reproductive age who will experience at least
one abortion ranges from 25 to 50% (Regan and Rai, 2000). From 1–3%
of these women will suffer from 2 or more failed pregnancies which is
defined as recurrent pregnancy loss (habitual abortion) (Practice
Committee of American Society for Reproductive, 2013).

The interactions at the fetomaternal interface have come into focus
during the last years. The interplay of different embryonic and maternal
cells is crucial for successful implantation on an immunologic basis. The
semi-allogeneic fetus has to be accepted by the maternal immune
system as not foreign in order not to be rejected. The underlying very
sensible crosstalk on molecular level has to be precisely coordinated
(Warning et al., 2011).

IL4Rα serves as a common receptor in the signaling pathway of
interleukin (IL) 4 and 13 (Murata et al., 1996). IL4 is one of the key
players for the induction of differentiation of naïve CD4-T cells into the
Th2 phenotype (Chapoval et al., 2010). Besides the Th2 immune re-
sponse, signaling via IL4Rα is also described to be responsible for the
activation of type 2 innate immune cells, i.e. macrophages (Gordon,
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2003) and eosinophils (Chen et al., 2004).
Toll-like receptors (TLRs) are a family of pathogen recognition re-

ceptors which can recognize a wide range of foreign molecules. TLR4,
one member of this family, is a transmembrane cell surface receptor
which belongs to the innate immune system. Signaling via TLR4 results
in activation of NF-κB which induces the transcription of inflammatory
genes (interferon-α (INF-α), INF-γ, IL1, IL6 and IL8) (Xie et al., 2014).
There is increasing evidence that TLR4 is not only susceptible to exo-
genous but also to endogenous ligands (Erridge, 2010). An association
of TLR4 with processes leading to miscarriages has been described al-
ready (Li et al., 2016a, b).

The purpose of this study was to analyze the involvement of sig-
naling via IL4Rα and TLR4 at the fetomaternal interface in the process
of early pregnancy.

IL4Rα and TLR4 represent two main markers for M2-polarized
macrophages. In another analysis, we could demonstrate that M2-po-
larized macrophages were diminished in recurrent miscarriages, thus
supposedly accounting for an overweight of pro-inflammatory macro-
phages. Up to now, it was not known whether these receptors were also
expressed in parallel by the trophoblast. This could provide evidence
for a possible crosstalk between the trophoblast cells and the im-
migrating macrophages (Kolben et al., 2018). Thereby, we aimed to
further elucidate the molecular mechanisms involved in miscarriages.

2. Patients and methods

2.1. Patient data

Placenta samples from spontaneous miscarriages (n=15) and re-
current miscarriages (n=15) ranging from the 4th to the 13th week of
gestation were collected between 2011–2016 at the Department of
Obstetrics and Gynecology of LMU Munich.

Samples of placental tissue from legal terminations of healthy
pregnancies (n= 15) during the first trimester of gestation served as
control group. They were provided by a private practice clinic in
Munich, Germany.

The control group samples were confirmed as healthy by an in-
dependent pathologist.

The placental material was collected after the operation without
hormonal pre-treatment. In cases of spontaneous and recurrent mis-
carriage the uterine curettage was performed within 24 h after diag-
nosis. Immediately after surgery, the placental tissue was frozen, and
additional material from the placenta was fixed in formalin.

This study was approved by the Institutional Review Board of the
Ludwig-Maximilian-University, Munich. Informed consent for partici-
pation in this study was obtained from all patients before surgery.

All women had an unremarkable medical and family history, which
was taken systematically. Exclusion criteria were autoimmune dis-
orders, thrombophilia and known chromosomal abnormalities, which
were ruled out by karyotype analysis.

Analysis of chromosomal abnormalities was performed for all spe-
cimens. In this study, we used PowerPlex 16HS multiple PCR system.
This system allows detecting 16 STR loci. However, it is limited in
identifying chromosomal abnormalities on base pair level. Testing was
performed with all placental tissue samples (miscarriages and controls).
DNA extraction and profiling was carried out as follows: isolation of
DNA from all samples was performed by BioRobot EZ1 (Qiagen, Hilden,
Germany) as depicted by Anslinger et al (Anslinger et al., 2005). Ac-
cording to the manufacturer's protocol, the DNA was extracted, eluted
in 50 μl double-distilled water and quantified twice using the Quanti-
filer™ Human DNA Quantification Kit (Applied Biosystems; Thermo
Fisher Scientific™; Waltham, MA, USA). The arithmetic mean values
were calculated. The PowerPlex® 16 HS System Multiplex PCR system
was used (Promega; Madison, Wisconsin, USA) (total volume of 25 μl,
in a 32-cycle program). DNA profiling was performed by addition of
300 pg DNA for each step. Analysis of the PCR products was

accomplished using the ABI PRISM 3130XL capillary electrophoresis
system (Thermo Fisher Scientific™). The results were set up with the
GeneScan® Analysis Software and the ABI Prism® GenoTyper Software
Version 3.7 (Thermo Fisher Scientific™) (Anslinger et al., 2005;
Ziegelmuller et al., 2015).

Screening for anatomic, chromosomal (parental and fetal) and en-
docrine disorders was performed, concerning to the etiologic cause of
failed pregnancy (Toth et al., 2010).

However, each sample was processed equivalently and instantly
after collection. Table 1 gives a summary of the clinical data of the
study population.

2.2. Immunohistochemistry

The sections (2-3 μm) were fixed with 5% formalin in PBS, pH 7.4
for 24 h and embedded with paraffin-wax. The paraffin-wax embedded
placental tissue was deparaffinized in xylol for 20min and washed with
ethanol 100% for the staining process. Endogen peroxidase reaction
was inhibited by adding methanol with 6% H2O2 for 20min.
Subsequently, the slides were rehydrated in a descending ethanol gra-
dient. Next, the samples were heated in the pressure cooker containing
a sodium citrate buffer (pH 6.0), followed by cooling and washing in
distilled water and PBS. Incubation with a blocking solution (reagent 1,
ZytoChem Plus HRP Polymer System (mouse/rabbit), Zytomed Berlin,
Germany), was performed for 5min.

Each sample was incubated with the primary antibody overnight for
16 h at 4 °C. The primary antibodies are shown in Table 2. Between
each step, slides were washed with PBS (pH 7.4). According to the
manufacturer’s protocol incubation with the blocking solution with post
block (reagent 2) for 20min and HRP polymer (reagent 3) for 30min
was done.

For the visualization procedure, the substrate and the chromogen
3.3′ diaminobenzidine (DAB, Dako, Glostrup, Denmark) was applied for
35 s. The staining reaction was stopped with distilled water. The sec-
tions were counterstained with Mayer’s acidic hematoxylin for 2min
and blued in tap water for 5min. Finally, the tissue slides were

Table 1
Demographic and Clinical Characteristics of the Study population. Values are
Mean ± S.D.
Characteristics* Normal pregnancy

n= 15
Spontaneous
miscarriage
n= 15

Recurrent
miscarriage
n= 16

P value
(Kruskal
Wallis
Test)

Maternal age
(years)

31.18 ± 8.06
(18.7-43.3)

37.8 ± 4.51
(29.2-43.2)

35.76 ± 4.8
(29.5- 46.9)

0.049

Gestational age
(weeks)

9.53 ± 1.95
(7-13)

8.4 ± 1.89
(4-12)

9.3 ± 1.49
(7-12)

0.276

Gravidity 4 ± 1.8
(1-7)

3.1 ± 1.1
(2-5)

1.6 ± 0.9
(1-4)

0.001

Parity 2 ± 1.1
(0-4)

0.9 ± 0.8
(0-2)

0.3 ± 0.6
(0-2)

0.003

* Mean, standard deviation, range.

Table 2
Antibodies used for immunohistochemical characterization of placental tissue
samples.
Antibody Isotype Clone Dilution Source

IL4Rα rabbit IgG
Anti IL4R
alpha

polyclonal 1:100 in
PBS

Novusbio,
Littleton, USA
R&D Systems, Inc.
Minneapolis, USA

TLR4 mouse
IgG2b
Anti TLR 4

monoclonal 1:200 in
PBS

Abcam, Cambridge; UK

T.M. Kolben et al. -RXUQDO�RI�5HSURGXFWLYH�,PPXQRORJ\��������������²��

��



 SUMMARY	

31 

	

dehydrated in an ascending ethanol gradient ending with xylol and
covered in Eukitt® quick hardening mounting medium (Sigma Aldrich).

Tissue samples from colon (Fig. 1A) and placenta (Fig. 1C) were
used as positive control. Cells with brownish color were considered to
be positive, whereas the negative control (Fig. 1B, D) and unstained
cells revealed a blue color.

The microscope Leitz Wetzlar (Germany; Type 307-148.001
514686) was used to examine the samples.

The three cell types of the trophoblast and the decidua were eval-
uated (supplementary file). The cytotrophoblast (CT) represents an oval
to polygonal, mononucleated stem cell, is not hormone producing and
embodies the inner layer of the fetal chorionic villi. The syncytio-
trophoblast (ST) consists of multinucleated and non-mitotic active cells,
which are formed by fusion of small uniform cytotrophoblastic cells.
The syncytiotrophoblast forms the outer layer of the fetal chorionic villi
and produces most hormones of the placenta such as human chorionic
gonadotropin (hCG), humanplacental lactogen (hPL), placental alkaline
phosphatase (PLAP), estradiol, progesterone, placental growth

hormone and inhibin. The intermediate villous trophoblast (IVT) is
found in columns of anchoring villi. The intermediate villous tropho-
blast is contemplated as a hetergenous group with a single round uni-
form nucleus, larger cells than the cytotrophoblast and has a pale cy-
toplasm (Cierna et al., 2016).

The staining results were analyzed using the immunoreactive score
(IRS) by two independent experienced scientists to rule out rater-de-
pendent differences and inconsistency. The immunoreactive score, a
semi-quantitative score, is the multiplication of the total of optical in-
tensity (grades: 0 = none, 1 = weak, 2 = moderate, 3 = strong
staining) and the total of percentage of positive stained cells (0 = none,
1≤ 10%, 2=11%–50%, 3=51%–80% and 4≥ 81% of the cells).
This results in a score with a minimum of 0 and a maximum of 12
points.

2.3. Immunofluorescence

Identification of IL4Rα-expressing cells in the decidua was

Fig. 1. Immunohistochemical staining of IL4Rα and TLR4
in the trophoblast: syncytiotrophoblast (marked by a black
arrow) and intermediate villous trophoblast (marked by a
white arrow).
(A) Strong staining of IL4Rα in the control group re-
presented by placenta of legally induced termination of
healthy pregnancies.
(B) Significantly weaker staining in the syncytiotropho-
blast (p= 0.001) of recurrent miscarriages
(C) Significantly weaker staining in the syncytiotropho-
blast (p= 0.001) of spontaneous miscarriages
(D) Strong staining of TLR4 in intermediate villous tro-
phoblastic cells of the control group
(E) Weaker staining of TLR4 in the intermediate villous
trophoblast of recurrent miscarriages (trend of down-
regulation compared to the healthy placenta).
(F) Significantly weaker staining of TLR4 in thei inter-
mediate villous trophoblast of spontaneous miscarriages
(p=0.04).
(Scale, 200 μm)

Table 3
Antibodies used for double immunofluorescence.
Antibody Isotype Clone Dilution Source

IL4Rα rabbit IgG
Anti IL4Rα

polyclonal 1:100 in Dako (DAKO, S322; Carpenteira, CA, USA) Novusbio,
Littleton, USA
R&D Systems, Inc. Minneapolis, USA

HLA G mouse IgG1
Anti HLA G

monoclonal (MEM-6/9) 1:50 in Dako AbD Serotec, Cambridge, UK

Cy3 Goat IgG
Anti Mouse

monoclonal 1:500 Dianova, Hamburg, Germany

Cy2 Goat IgG
Anti rabbit

polyclonal 1:100 Dianova, Hamburg, Germany
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performed in samples of healthy controls and spontaneous mis-
carriages. Double immunofluorescence was used to prove the localiza-
tion of IL4Rα in the cytoplasm and membrane. The used antibodies are
filed in Table 3. HLA-G was used as a specific marker for extravillous
trophoblast (EVT) cells.

First, the specimens were deparaffinized in Roticlear (Roth,
Germany) for 20min and rinsed in ethanol 100%, rehydrated in an
alcohol gradient (70% and 50%). Then the slides were stationed in a
pressure cooker with sodium citrate (pH 6.0) for 5min and washed in
distilled water and PBS. Next, the samples were blocked with Ultra V
blocking solution (Lab Vision, Thermo Scientific Inc., Fremont, CA,
USA) for 15min to minimize non-specific background staining.
Incubation with polyclonal Anti-IL4Rα rabbit IgG and monoclonal Anti-
HLA-G mouse IgG1 (Table 3) was performed for 16 h at 4 °C. After-
wards, the slides were washed in PBS, and the secondary antibodies
were applied to the specimen. We used the Cy2-labelled goat-anti-
rabbit IgG (Dianova, Hamburg, Germany) and the Cy3-labelled goat-
anti-mouse IgG (Dianova, Hamburg, Germany) for 30min at room
temperature. Finally, the samples were embedded in Vectashield®
mounting medium with DAPI (Vector Laboratories; Burlingame, CA;
USA). The specimens were examined with a fluorescent Axioskop
photomicroscope (Zeiss, Oberkochen, Germany). Pictures were taken
using a digital Axiocam camera system (Zeiss).

2.4. Evaluation of IL4Rα and TLR4 with real time RT-PCR (Taq man)

2.4.1. RNA extraction from placental tissue
A total quantity of 4× 10mg of control, 5× 10mg of spontaneous

and 6× 10mg of recurrent miscarried placental tissue was used for
extraction of mRNA. RNA extraction was performed with RNeasy® Lipid
Tissue Mini Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol.

2.5. Reverse transcription

Reverse transcription (RT) was accomplished using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Fisher
Scientific Company, Canada) according to the protocol in an Eppendorf
Mastercycler® gradient. RT conditions were 10min 25 °C, 2 h 37 °C,
5min 85 °C and −20 °C on hold.

2.6. Real-time reverse transcription-PCR

Initially, the equal amounts of RNA from each sample were con-
verted to cDNA. Next, cDNA from the placenta of spontaneous mis-
carriages, recurrent miscarriages, and controls was used for PCR ana-
lysis.

Fig. 2. Immunohistochemical staining of IL4Rα and TLR4 in the decidua (marked by a star): (A) Strong staining of IL4Rα in the control group represented by
placenta of legally induced termination of healthy pregnancies.
(B) Weaker stainig of IL IL4Rα in the decidua of recurrent miscarriages
(C) Significantly weaker staining of IL4Rα in the decidua of spontaneous miscarriages (p=0.021)
(D) Immunohistochemical staining of TLR4 in the decidua of the control
(E) Weaker staining in the recurrent miscarriage group
(F) Significantly weaker staining in the spontaneous miscarriage group (p=0.003)
(Scale, 200 μm)
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Reverse transcription-PCRs were implemented in duplicate in an
Optical Fast 96-well plate (Applied Biosystems) and covered with an
adhesive cover. The volume was 20 μl for each reaction, containing
10 μl TaqMan® Fast Universal PCR Master Mix 2x (Applied Biosystems,
Nr. 4367846; 50ml), 1 μl cDNA, 8 μl H2O (DEPC treated DI water;
Sigma, Taufkirchen, Germany)). Furthermore, the total consisted of 1 μl
TaqMan® Gene Expression Assay 20x (Hs_00166237_m1 for IL4Rα and
Hs_00152939_m1 for TLR4, both Applied Biosystems).

The PCR temperature protocol was 20 s at 95 °C, followed by 40
cycles of amplification: denaturation process for 3 s at 95 °C and ex-
tension and annealing for 30 s at 60 °C.

The 7500 Fast Real-Time PCR System (Applied Biosystems) was
used to process the PCR assays. Quantification was performed with the
2-ΔΔCT method using β-Actin as housekeeping gene (Applied
Biosystems, Hs_99999903_m1).

2.7. Statistics

Statistical analysis was performed using the SPSS software version
24 (SPSS; Chicago; IL, USA) and Excel version 12.3.1 (Microsoft
Windows 2016; Redmond, WA, USA). Mann-Whitney U signed-rank test
was carried out for comparison of two independent groups. This non-
parametrical test is a straight analysis of variance and examines two
separate parameters. P-values< 0.05 were considered to be statistically
significant.

3. Results

3.1. Immunohistochemistry

3.1.1. IL4Rα expression in the trophoblast and the decidua
IL4Rα was detected in trophoblast cells in the control group

(healthy pregnancies), spontaneous miscarriages, and recurrent mis-
carriages (Fig. 1A-C). IL4Rα was significantly downregulated in the
syncytiotrophoblast of recurrent miscarriages (Fig. 1B, IRS 2 versus 8,
p=0.001) and of spontaneous miscarriages (Fig. 1C, IRS 2 versus 8,
p=0.001) compared to the healthy control (Fig. 1A).

A significant downregulation of the IL4Rα expression in decidual
tissue was observed in spontaneous miscarriages (Fig. 2C) compared to
the control group (Fig. 2A, IRS 0 versus 4, p=0.021).

3.1.2. TLR4 expression in the trophoblast and the decidua
The expression of TLR4 in trophoblast cells in healthy pregnancies,

spontaneous miscarriages (SM) and recurrent miscarriages (RM) is
shown in Fig. 1D-F.

There was a trend of a downregulation of TLR4 without significance
in the intermediate villous trophoblast of recurrent miscarriages
(Fig. 1E, IRS 4 versus 8, p=0.389) compared to the control group. The
intermediate villous trophoblast (IVT) showed a significantly lower
expression of TLR4 in spontaneous miscarriages (Fig. 1F) than in
healthy placentas (Fig. 1D, IRS 6 versus 8, p= 0.04).

TLR4 expression in the syncytiotrophoblast was not altered in the
abortion groups in comparison to the control group. The expression in
the cytotrophoblast did not show any differences in all groups. Focusing
on the decidua of abortive tissue we could also observe a significant
change between the control group and spontaneous miscarriages
(p=0.003; Fig. 3 D–F).

Concisely, the staining results of IL4Rα and TLR4 are given in Box
Plots in Fig. 3.

3.2. Double immunofluorescence

3.2.1. Identification of IL4Rα expressing cells in the decidua
IL4Rα positive cells were stained in green, cells expressing HLA-G

were dyed in red. Cells neither expressing IL4Rα nor HLA-G were
stained in blue.

IL4Rα+HLA-G double immunofluorescence staining was used for
labeling the expression of IL4Rα in the decidua of spontaneous and
recurrent miscarriages and control groups. IL4Rα staining in decidual
cells of the control group is presented in Fig. 4A. Fig. 4B presents the
membrane HLA-G staining of EVTs from the same area. The depiction of
IL4Rα and HLA-G is shown as a triple filter coexpression in Fig. 4C. In
the healthy placenta, mostly both markers are expressed.

The habitual abortion shows no IL4Rα positive cell in Fig. 4D,
whereas HLA-G positive cells are found (Fig. 4E). Triple filter excitation
shows no coexpression of both markers and confirms the absence of
IL4Rα in the recurrent miscarriage group (Fig. 4F).

No IL4Rα positive cells were detected in the spontaneous mis-
carriages group (Fig. 4G), whereas HLA-G was expressed in these cells
(Fig. 4H). Triple filter excitation demonstrated a total absence of IL4Rα
in spontaneous abortions (Fig. 4I).

In conclusion, we observed higher expression of IL4Rα positive cells

Fig. 3. Statistical results of the immunoreactive score of IL4Rα and TLR4.
(A) IL4Rα in the syncytiotrophoblast
(B) IL4Rα in the decidua
(C) TLR4 in the intermediate villous trophoblast
(* p < 0.05, ** p < 0.005)
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in the healthy placenta than in the spontaneous and recurrent mis-
carriage group.

3.2.2. Evaluation of IL4Rα and TLR4 expression with real-time RT-PCR
(TaqMan)

IL4Rα mRNA expression was analyzed in placental tissue from
miscarriages and healthy controls by quantitative RT-PCR.

IL4Rα mRNA was significantly decreased in recurrent miscarriages
(0.7-fold, p= 0.002), whereas no significant downregulation was found
in spontaneous miscarriages in comparison to the control group
(Fig. 5A).

In spontaneous miscarriage samples, the mRNA expression of TLR4
showed no significant downregulation, whereas TLR4 expression was
significantly downregulated in recurrent miscarriages (0.7-fold,
p= 0.004) compared to healthy placentas (Fig. 5B).

4. Discussion

Human reproduction is a very sensitive process. From fertilization
and implantation to fetal development every step is prone for errors
which can lead to fetal demise. The interactions at the feto-maternal
interface have to allow the maternal innate immune system to accept
the semi-allogeneic fetus without rejecting it. Especially, during im-
plantation and placental development the complicated network and
interplay of the maternal immune system and the fetus has to work in
an extremely precise manner. Failures or an imbalance in that system
are considered to result in rejection of fetal tissues and abortions (Koga
and Mor, 2010; Takeshita, 2004).

In this study the expression of two receptors involved in the sig-
naling of the immune system (IL4Rα and TLR4) were analyzed at the
feto-maternal interface in the process of early pregnancy in order to
further elucidate the interactions of the fetus and the maternal immune
system.

TLR4 is a member of receptors of the innate immune system.
Inflammatory chemokines can be induced by signaling via TLR4 and
activation of NF-κB (interferon-α (INF-α), INF-γ, IL-1, IL-6 and IL-8)
(Xie et al., 2014). A deficient signaling via TLR4 could potentially
disrupt the Th1/Th2 balance negatively affecting the pregnancy out-
come. An association of TLR4 with processes leading to miscarriages

Fig. 4. Double Immunofluorescence of IL4Rα
and HLA-G in the decidua.
(A) IL4Rα expression (Cy2; green staining) is
high in normal decidua.
(B) HLA-G (Cy3; red staining) membrane
staining of extravillous trophoblast cells (EVT).
(C) Triple filter excitation identifying cells ex-
pressing both markers. The majority of IL4Rα
positive cells are coexpressing HLA-G in the
healthy placenta.
(D) No IL4Rα positive cells in the recurrent
miscarriage group
(E) EVTs (HLA-G positive) stained in red
(F) Triple filter excitation confirms the absence
of IL4Rα in the habitual abortion.
(G) No IL4Rα expression in the spontaneous
miscarriage group.
(H) EVTs (HLA-G positive) stained in red.
(I) Triple filter excitation confirms the absence
of IL4Rα.
(All pictures 40x lens)

Fig. 5. RT-PCR Analysis of IL4Rα and TLR4 expression.
(A) Significant downregulation of IL4Rα in the group of recurrent miscarriages
compared to the healthy controls (p= 0.002).
(B) Significant downregulation of TLR4 in the group of recurrent miscarriages
compared to the healthy controls (p= 0.004).
(IRS: immunoreactive score)
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has been described already (Li et al., 2016a, b). TLR4 was down-
regulated in the intermediate villous trophoblast (IVT) and decidua of
spontaneous miscarriages. This finding could not be confirmed on
mRNA level. An explanation could be that isolation of mRNA from the
IVT exclusively was not possible to perform. We may speculate that this
tissue accounts for less than 10% of the total placental tissue. Therefore,
alterations of the TLR4 expression in those cells may hardly be seen
when using the whole tissue for PCR analysis. Posttranscriptional reg-
ulation of the receptor could also play a role in that situation.

Thus, other mechanisms than signaling via TLR4 may be responsible
for spontaneous miscarriages. One additional important mechanism
seems to be the invasion of macrophages in the decidua in spontaneous
miscarriages which could be shown by our group before (Kolben et al.,
2018; Guenther et al., 2012). The decrease of TLR4 was not significant
and far less pronounced in the intermediate villous trophoblast of re-
current miscarriages. However, it reached significance on mRNA level.
Furthermore, we could not observe a downregulation in the decidua of
recurrent miscarriages. This finding is in contrast to the findings by Li
and Li. Their groups found an upregulation of TLR4 in sera and decidual
tissue of recurrent miscarriages

(Li et al., 2016a, b). However, our PCR was performed using pla-
cental tissue, mainly trophoblast tissue. This may explain the differing
findings compared to theirs in decidual tissue.

The expression of IL4Rα in the human first trimester pregnancy
decidua has been described before (Starkey, 1991). In our analysis
IL4Rα could be detected in trophoblast cells of normal pregnancies,
spontaneous and recurrent miscarriages as well. Its expression was
significantly downregulated in the syncytiotrophoblast of the group of
miscarriages. Moreover, IL4Rα was downregulated in the decidua of
spontaneous miscarriages. The expression on mRNA level was sig-
nificantly decreased in recurrent miscarriages. IL4Rα functions not only
as receptor for IL4, but also for IL13 (Murata et al., 1996). Herbert et al.
showed that both IL4 and IL13 protect the endothelial and the mono-
cyte surface against inflammatory mediator-induced procoagulant
changes (Herbert et al., 1993). A downregulation of IL4Rα and a re-
sulting procoagulant state could be one mechanism which explains
miscarriages.

A reduced receptor density for IL4 could also be responsible for a
decreased induction of differentiation of naïve CD4-T cells into the Th2
phenotype, one of the main functions of IL4 (Chapoval et al., 2010).
Thus, a Th1 cell response may be enhanced which is in accordance with
the findings of Gao et al. (Gao and Wang, 2015). By the production of
Th1-type cytokines (IFN-γ, TNF-β) rejection of fetal tissue may be
supported resulting in loss of pregnancy. In contrast Th2-type cytokines
(IL-4 and IL-10), which inhibit Th1 responses, could promote allograft
tolerance and survival of the fetus (Berkowitz et al., 1988; Haimovici
et al., 1991; Krishnan et al., 1996a, b; Lin et al., 1993; Wegmann et al.,
1993).

Guenther et al. showed that decidual macrophages were sig-
nificantly increasesd in spontaneous miscarriages and that a proa-
poptotic state was present (Guenther et al., 2012). Halasz et al. reported
IL4Rα to be involved in the invasion capacity of trophoblast cells. A
downregulation of IL4Rα was observed to lead to a stimulation of the
invasion of trophoblast cells (Halasz et al., 2013). The decreased ex-
pression of IL4Rα, we could detect, may be a kind of salvage me-
chanism to stimulate the invasion of trophoblast cells to overcome the
pro-apoptotic state. Therefore, there is an explanation for the disturbed
IL4Rα in trophoblast cells, we observed and an additional information
to the T-cell response mentioned. IL4 induces tolerance, the reduced
expression of the IL4Rα on trophoblast cells could induce opposite re-
actions.

IL13, another ligand of IL4Rα, is also described to have anti-in-
flammatory properties (Minty et al., 1993), so it may be hypothesized
that the reduced signaling via its receptor would negatively affect an
early pregnancy by an increased inflammatory response. A down-
regulated signaling via IL4 in abortions has already been observed in

animal models as well (Almeria et al., 2016).
A certain limitation of this study is the fact that one cannot rule out

that in the group of spontaneous abortions also patients who would
suffer from habitual abortions could be included.

In conclusion this study contributes new findings supporting the
understanding of the complex molecular interplay at the fetomaternal
interface in normal pregnancy and unexplained miscarriages. This
study could demonstrate for the first time signaling via IL4Rα being
involved at the very beginning of the generation of new life. Moreover,
new evidence was provided regarding TLR4 playing a pivotal role in
pregnancy failure.
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3. SUMMARY	
 
Miscarriage	is	a	common	gynaecological	problem	worldwide.	Thus,	its	various	causes	still	remain	

often	unclear	and	need	to	be	fully	elucidated.	We	believe	that	the	immune	system	and	its	factors	

have	 a	 strong	 influence	 on	 maintaining	 a	 healthy	 pregnancy.	 Therefore,	 the	 main	 goal	 and	

intention	of	our	study	was	to	identify	immunological	factors	and	cytokines	in	the	placenta	and	

evaluate	their	 importance,	which	are	involved	in	the	occurrence	of	spontaneous	and	recurrent	

miscarriages.		

	

The	placenta	tissue	of	46	patients	in	early	pregnancy	was	analyzed	for	the	factors	TLR4,	IL4Rα	

and	 PPARγ	 (normal	 pregnancy	 n=15,	 spontaneous	 n=15	 and	 habitual	 abortions	 n=16)).	 To	

examine	our	placenta	samples,	we	used	immunohistochemistry	and	double	immunofluorescence.	
To	 validate	 our	 findings	we	 isolated	mRNA	 and	 ultimately	 RT-PCR	was	 performed.	 Statistical	

analysis	was	performed	using	SPSS	23	and	Microsoft	Excel.		

	

In	 the	 trophoblast	 IL4Rα	was	detected	 in	all	groups.	 It	was	significantly	downregulated	 in	 the	

syncytiotrophoblast	of	spontaneous	and	recurrent	abortions	(p=0.001),	and	in	decidual	tissue	of	

spontaneous	 abortions	 (p=0.001).	 The	 expression	 of	 TLR4	 was	 down-regulated	 in	 the	

intermediate	 villous	 trophoblast	 (IVT)	 and	 the	 decidua	 of	 spontaneous	 abortions	 (p=0.04	 &	

p=0.003,	 respectively).	 The	 expression	 of	 IL4Rα	 and	 TLR4	 on	 mRNA	 level	 was	 significantly	

decreased	in	the	recurrent	miscarriage	groups	(IL4Rα	p=0.002,	TLR4	p=0.004,	respectively).	The	

intermediate	villous	trophoblast	showed	a	significantly	lower	PPARγ	expression	in	spontaneous	

(p=0.001)	 and	 recurrent	 (p=0.01)	miscarriages.	 Maternal	macrophages	 express	 PPARγ.	 Their	

number	is	significantly	enhanced	in	the	decidua	of	spontaneous	miscarriages	(p=0.013),	whereas	

in	recurrent	miscarriages	maternal	macrophages	only	express	PPARγ	in	a	very	small	percentage.	

Decidual	 macrophages	 were	 identified	 by	 double	 immunofluorescence	 using	 cluster	 of	

differentiation	 68	 (CD68)	 as	 the	 marker	 for	 macrophages.	 The	 maternal	 macrophages	 were	

further	characterized	regarding	their	M1/M2	polarization	status	with	the	specific	markers.	The	

M1	markers	TLR2	and	 iNOS	and	 the	M2	markers	CCL1	and	CX3CR1	confirmed	 the	 loss	of	M2	

macrophages	in	the	recurrent	miscarriages.	

	

These	findings	support	the	belief	that	the	imbalance	of	the	immune	system	has	a	strong	influence	

on	the	placenta.		Especially	the	secretion	of	proinflammatory	factors	shifts	the	polarization	of	anti-

inflammatory	M2	macrophages	to	M1	macrophages	and	among	other	things	leads	to	pregnancy	

loss.	
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4. ZUSAMMENFASSUNG	
 
Der	 Abortus	 ist	 ein	 häufig	 auftretendes	 gynäkologisches	 Problem	 weltweit,	 jedoch	 sind	 die	

Ursachen	 oft	 unklar	 und	 nach	wie	 vor	 nicht	 vollständig	 geklärt.	 Das	 Immunsystem	 und	 seine	

Faktoren	scheinen	einen	starken	Einfluss	auf	einen	gesunden	Schwangerschaftsverlauf	zu	haben.	

Das	Hauptziel	unserer	Forschung	war	es	immunologische	Faktoren	und	Zytokine	in	der	Plazenta	

zu	 identifizieren.	 Die	 Intention	 war	 es	 deren	 Bedeutung	 im	 Bezug	 auf	 ihr	 Vorkommen	 in	

spontanen	und	rezidivierenden	Aborten	zu	evaluieren.	

	

Das	Plazentagewebe	von	46	Patientinnen	 in	der	Frühschwangerschaft	wurde	auf	die	Faktoren	

TLR4,	 IL4Rα	 und	 PPARγ	 untersucht.	 Hierbei	 wurde	 Plazentagewebe	 aus	 15	 normalen	

Frühschwangerschaften,	15	spontanen	Aborten	und	16	rezidivierenden	Aborten	verwendet.		

Das	Gewebe	wurde	mit	der	Immunhistochemie,	sowie	der	Doppel-Immunfluoreszenz	untersucht.	

Zur	 Bestätigung	 unserer	 Ergebnisse	 wurde	 die	 mRNA	 isoliert	 und	 eine	 Real	 Time-PCR	

durchgeführt.	Die	statistische	Analyse	wurde	mit	SPSS	23	und	Microsoft	Excel	vollzogen.	

	

IL4Rα	 wurde	 im	 Trophoblast	 in	 allen	 drei	 Gruppen	 gefunden.	 IL4Rα	 war	 signifikant	

herabreguliert	 im	 Synzytiotrophoblast	 in	 spontanen	 und	 rezidivierenden	 Aborten	 (p=0.001),	

sowie	 in	 der	 Dezidua	 von	 spontanen	 Aborten	 (p=0.001).	 Die	 Expression	 von	 TLR4	 war	

herabreguliert	im	intermediären	villösen	Trophoblast	(p=0.04)	und	in	der	Dezidua	von	spontanen	

Aborten	(p=0.003).	Die	mRNA	von	IL4Rα	war	signifikant	erniedrigt	in	der	Gruppe	von	habituellen	

Aborten	 (p=0.002).	 Auch	 die	 TLR4	mRNA	 zeigte	 sich	 signifikant	 erniedrigt	 in	 den	 habituellen	

Aborten	 (p=0.004)	 verglichen	 mit	 den	 gesunden	 Plazentaproben.	 Der	 intermediäre	 villöse	

Trophoblast	zeigte	eine	signifikant	niedrigere	PPARγ	Expression	in	den	spontanen	(p=0.001)	und	

rezidivierenden	 (p=0.01)	 Aborten	 im	 Vergleich	 zur	 Kontrolle.	 Die	mütterlichen	Makrophagen	

exprimieren	 PPARγ.	 Die	 Zahl	 der	 Makrophagen	 war	 signifikant	 erhöht	 in	 der	 Dezidua	 von	

spontanen	 Aborten	 (p=0.013).	 Jedoch	 in	 den	 rezidivieren	 Aborten	 findet	 sich	 nur	 eine	 kleine	

Prozentanzahl	an	PPARγ	exprimierenden	Makrophagen.	Deziduale	Makrophagen	wurden	mittels	

Immunfluoreszenz	 und	 dem	 Makrophagenmarker	 CD68	 identifiziert,	 weiters	 wurde	 die	

Polarisation	der	Makrophagen	mittels	spezieller	Marker	charakterisiert.	Die	M1	Marker	TLR2	und	

iNOS	und	die	M2	Marker	CCL1	and	CX3CR1	bestätigten	den	Verlust	 von	M2	Makrophagen	 im	

rezidivierenden	Abort.		

	

Diese	Erkenntnisse	belegen	die	Annahme,	dass	die	Imbalance	des	Immunsystems	einen	starken	

Einfluss	 auf	 die	 Plazenta	 hat.	 Speziell	 die	 Sekretion	 von	 proinflammatorischen	 Faktoren	
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begünstigt	den	Wechsel	von	anti-inflammatorischen	M2	Makrophagen	zu	M1	Makrophagen	und	

kann	unter	anderem	zu	dem	Verlust	der	Schwangerschaft	beitragen.	
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8. ABBREVIATIONS	
 
IUGR	 	 Intrauterine	growth	retardation	
EVT	 	 Extravillous	trophoblast	cells	
IVT	 	 Intermediate	villous	trophoblast		
VT	 	 Villous	trophoblast			
NK		 	 Natural	killer	cells	
Treg	cells	 Regulatory	T	cells	
Th1	 	 T-helper	cells	1		
Th2	 	 T-helper	cells	2		
Th17	 	 T-helper	cells	17	
IFN-	γ	 		 Interferon-	γ	
TNF-α		 Tumor	necrosis	factor-α		
IL-2		 	 Interleukin	2		
IL-4,	 	 Interleukin	4	
IL4Rα	 	 Interleukin	4	receptor	alpha	
IL-6	 	 Interleukin	6	
IL-10	 	 Interleukin	10	
IL-23	 	 Interleukin	13	
IL13Rα1	 Interleukin	13	receptor	α1	
LPS	 	 Lipopolysaccharide	
TLR4	 	 Toll-like-receptor	4	
TLR2	 	 Toll-like-receptor	2		
iNOS	 	 Inducible	Nitric	Oxide	Synthase	
PGE2	 	 Prostaglandin	E2	
IDO	 	 Indoleamine	2,3-dioxygenase	
CX3CR1	 Chemokine	receptor	1	
CCL1	 	 Chemokine	C-C	Motif	Ligand	1		
PPARα		 Peroxisome	proliferator-activated	receptor-alpha	
PPARβ		 Peroxisome	proliferator-activated	receptor-beta	
PPARγ		 Peroxisome	proliferator-activated	receptor-gamma		
CD4	 	 Cluster	of	Differentiation	4	
CD8	 	 Cluster	of	Differentiation	8		
CD14	 	 Cluster	of	Differentiation	14	
CD68	 	 Cluster	of	Differentiation	68	
MHC	class	II	 Major	Histocompatibility	complex	II	
HLA-DR	 Human	Leukocyte	Antigen	DR	isotype	
MIP1A		 Macrophage	inflammatory	protein	1A	
NF-kB		 Nuclear	factor	kappa-light-chain-enhancer	of	activated	B	cells	
STAT6		 Signal	Transducer	and	activator	of	transcription	6	
GATA3	 GATA	binding	protein	3



 	

 

 

 
 


