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everal	 studies	 have	 established	 a	 role	 for	 mitogen-activated	 protein	 kinases	 (MAPK)	 in	
atherogenesis.	 The	 exact	 role	 of	MAPK	 phosphatase	 2	 (MKP2/DUSP4),	 a	MAPK	 upstream	

regulator,	in	this	process	is,	however,	still	unknown.	This	study	therefore	aimed	at	investigating	
the	role	of	MKP2	in	atherosclerosis	development.	

MKP2	deficiency	in	cultured	macrophages	 is	associated	with	 increased	JNK	activation	(1.5-fold,	
p<0.05)	 and	 a	 shift	 towards	 an	 M2-like	 macrophage	 phenotype	 as	 compared	 to	 wild-type	
macrophages.	This	is	reflected	by	decreased	mRNA	expression	of	iNOS	(-83.7%,	p<0.001)	and	TNF-
α	(-41.8%,	p<0.001)	and	increased	Arg1	(2.7-fold,	p<0.001)	and	YM-1	(2.6-fold,	p<0.05)	expression.	
Macrophages	lacking	MKP2	exhibit	increased	expression	levels	of	the	scavenger	receptors	SR-A	
(2.6-fold,	p<0.01)	and	CD36	(2.2-fold,	p<0.001),	leading	to	an	enhanced	predisposition	to	become	
foam	cells.	Transplantation	of	MKP2	knockout	bone	marrow	into	lethally	irradiated	hyperlipidemic	
LDL	receptor	knockout	mice	confirmed	the	atheroprotective	effect	of	macrophage	MKP2.	A	1.3-
fold	increase	(p<0.05)	in	atherosclerotic	lesion	size	was	observed	in	mice	reconstituted	with	MKP2	
knockout	bone	marrow	as	compared	to	wild-type	bone	marrow	recipients.	The	increase	in	lesion	
size	coincided	with	a	30%	decrease	(p<0.01)	in	lesional	collagen	content,	suggesting	that	loss	of	
macrophage	MKP2	is	associated	with	larger	lesions	with	a	relatively	unstable	plaque	phenotype.	

In	conclusion,	we	have	shown	that	MKP2	deficiency	(1)	skews	cultured	macrophages	to	an	M2	
phenotype,	 resulting	 in	 an	 enhanced	 susceptibility	 to	 become	 foam	 cells,	 and	 (2)	 increases	
atherosclerosis	susceptibility	in	vivo.	

Introduction	

Atherosclerosis	 is	 a	hyperlipidemia-induced	chronic	 inflammatory	disease	characterized	by	 the	
deposition	 of	 macrophage	 foam	 cells	 in	 the	 arterial	 wall.1,2	 Inside	 atherosclerotic	 lesions	
macrophage	populations	with	a	different	inflammatory	phenotype	can	be	distinguished,	including	
M1	and	M2	macrophages.3	In	general,	pro-inflammatory	M1	macrophages	are	regarded	as	pro-
atherogenic,	while	anti-inflammatory	M2	macrophages	are	considered	to	be	atheroprotective.4	
Interestingly,	M2	as	compared	to	M1	macrophages	are	more	prone	to	oxLDL-induced	foam	cell	
formation,5,6	highlighting	a	dynamic	atherosclerotic	role	for	macrophage	subpopulations.	

MAPKs	as	serine/threonine-specific	protein	kinases	activate	various	cellular	signaling	transduction	
pathways	by	phosphorylating	downstream	target	genes.7	The	three	main	subfamilies	of	MAPKs,	
i.e.	extracellular	signal-regulated	kinase	(ERK),	stress-activated	protein	kinase	(p38)8,9	and	c-Jun	
N-terminal	kinase	(JNK),10,11	play	 important	roles	during	atherosclerosis	development.12	MAPKs	
activity	 is	controlled	by	a	family	called	MAPK	phosphatases	(MKPs).	MKPs	inactivate	MAPKs	by	
dephosphorylating	 their	phosphoserine/threonine	and	phosphotyrosine	 residues.13-15	The	MKP	
family	contains	at	least	10	well-characterized	members,	divided	over	2	sub-families	depending	on	
their	 subcellular	 distribution	 and	 immediate-early	 or	 late	 gene	 regulation.16	 Two	 members	
belonging	 to	 the	sub-family	of	 immediate-early	gene	 regulators	with	a	nuclear	 localization	are	
MKP1	and	MKP2.16	The	expression	of	MKP1	and	MKP2	is	induced	by	MAPK	activation,17	while	they	
in	 turn	 inactivate	 MAPKs.	 Hence,	 they	 are	 considered	 the	 most	 potent	 regulators	 of	 the	
MAPK/MKP	feedback	loop.16,17		

MKP2	has	a	molecular	weight	of	42.9-kDa	and	is	ubiquitously	expressed	in	various	tissues.18,19	Its	
expression	is	induced	in	response	to	growth	factors,20	hormones,21	oxidative	stress,22,23	UV	light19	
and	lipopolysaccharides	(LPS).24	MKP2	expression	is	also	highly	responsive	to	cholesterol-rich	diet	

S	
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and	fatty	acids.25	A	recent	study	showed	that	MKP2	expression	is	strongly	regulated	in	activated	
macrophages.26	 However,	 so	 far	 many	 contradictory	 findings	 on	 the	 effect	 of	 MKP2	 on	
macrophage	 function	 have	 been	 described.	 In	 response	 to	 LPS,	 bone	 marrow-derived	
macrophages	 lacking	MKP2	acquire	an	M2-like	macrophage	phenotype,	reflected	by	enhanced	
Arg1	and	decreased	iNOS	activities.27	This	phenotype	was	not	always	supported	by	the	cytokine	
production	profile;	Al-Mutairi	et	al.	found	a	potentiated	pro-inflammatory	cytokine	production,	
while	Cornell	et	al.	found	attenuated	pro-inflammatory	cytokine	production	by	MKP2	knockout	
macrophages	 in	 response	 to	 LPS27,28	 Additionally,	 overexpression	 of	 MKP2	 in	 macrophages	
significantly	decreased	JNK	activation	and	the	expression	of	inflammatory	mediators.29		

Interestingly,	a	pro-atherogenic	function	of	MKP1	was	recently	established	in	mice.30	However,	the	
role	 of	 MKP2	 in	 the	 pathogenesis	 of	 atherosclerosis	 is	 still	 unclear.	 In	 the	 current	 study,	 we	
therefore	investigated	the	role	of	MKP2	in	macrophage	polarization	and	foam	cell	formation	 in	
vitro	and	evaluated	the	impact	of	macrophage	MKP2	deficiency	on	atherosclerosis	susceptibility	
in	vivo.	

Materials	and	methods	

Animals	

Breeding	 pairs	 of	 C57BL/6	 wild-type	 (WT)	 mice	 and	 MKP2	 knockout	 (MKP2	 KO)	 mice	 were	
obtained	from	the	Physiology	&	Pharmacology	laboratories	in	Glasgow,	United	Kingdom.27	Low-
density	 lipoprotein	receptor	KO	(LDLr	KO)	mice	were	bought	from	The	Jackson	Laboratory	(Bar	
Harbor,	ME,	USA)	and	expanded	locally	at	the	Gorlaeus	Laboratories,	Leiden,	The	Netherlands.	All	
animal	work	was	approved	by	 the	Dutch	Ethics	Committee	and	 regulatory	authority	at	 Leiden	
University	and	was	carried	out	in	compliance	with	Dutch	government	guidelines	and	the	Directive	
2010/63/EU	of	the	European	Parliament	on	the	protection	of	animals	used	for	scientific	purposes.		

Isolation	of	thioglycollate-elicited	peritoneal	macrophages	

WT	and	MKP2	KO	mice	were	intraperitoneally	injected	with	3%	Brewer’s	modified	thioglycollate	
medium	(Becton,	Dickinson	and	company	Sparks,	MD,	USA;	Product	number:	211716)	 to	elicit	
macrophage	infiltration	into	the	peritoneal	cavity.	Five	days	later,	peritoneal	macrophages	were	
harvested	through	peritoneal	lavage	with	PBS.	Cells	were	cultured	overnight	in	complete	DMEM	
medium	(Lonza	Walkersville,	USA,	catalog	number:	BE12-708F)	containing	10%	fetal	calf	serum	
(HyClone™	 Calf	 Serum	 (U.S.),	 catalog	 number:	 SH30073.03).	 Non-adherent	 cells	were	washed	
away	to	acquire	the	peritoneal	macrophage	cultures	used	for	further	research.		

Phosphorylation	levels	of	ERK,	JNK,	p38	MAPK	determination	by	ELISA	assay	

A	 total	 of	 30.000	 peritoneal	 macrophages	 were	 plated	 per	 well	 in	 a	 96-wells	 culture	 plate.	
Phosphorylation	levels	of	MAPK	(P38,	ERK,	JNK)	were	analysed	after	24	hours	using	a	cell-based	
ELISA	 kit	 (RayBiotech,	 Norcross,	 GA,	 USA.	 catalog	 number:	 CBEL-ERK-SK)	 according	 to	 the	
manufacturer’s	instructions.	Absorbances	were	read	at	450	nm	and	570	nm	using	a	plate	reader	
(model	PowerWave	340,	Biotek,	USA).	
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mRNA	expression	determination	using	Real-time	PCR	

Total	RNA	 isolation	and	cDNA	synthesis	was	performed	as	described	previously.31,32	The	mRNA	
expression	of	genes	of	interest	was	determined	using	a	7500	Fast	Real-Time	PCR	system	(Applied	
Biosystems,	CA)	using	SYBR	green	(GC	Biotech,	catalog	number:	QT625-20	supplier)	technology.	
The	average	cycle	threshold	(CT)	of	RPL27	and	36B4	was	used	as	housekeeping	control.	

Lipid	assays		

Plasma	 triglycerides,	 total	 cholesterol	 and	 free	 cholesterol	 were	 determined	 using	 standard	
enzymatic	colorimetric	assays.	The	triglycerides	colorimetric	assay	kit	was	obtained	from	Roche	
Diagnostics	(catalog	number:	11488872216).	The	cholesterol	assay	was	performed	as	described	
previously.33	 Precipath	 control	 serum	 (Roche,	 catalog	 number:11285874122)	 was	 used	 as	
standard	for	the	assays.	The	distribution	of	cholesterol	over	the	different	lipoprotein	classes	was	
assessed	 by	 fast	 protein	 liquid	 chromatography	 using	 a	 Superose	 6	 column	 (GE	 Healthcare,	
Uppsala,	Sweden).	

Cytokine	protein	measurements	

TNF-α,	 IL-6,	 IL-10,	 IL-12p40,	 and	 MCP-1	 protein	 levels	 were	 measured	 by	 enzyme-linked	
immunosorbent	 assays	 (BD	 Biosciences	 Pharmingen,	 San	 Diego,	 CA)	 according	 to	 the	
manufacturer’s	protocols.		

Hematology	analysis	and	Flow	Cytometry	Analysis	

Total	 leukocytes	and	 leukocyte	subtypes	were	analyzed	using	an	automated	Sysmex	XT-2000iV	
Veterinary	Haematology	analyzer	(Sysmex	Corporation).	Fluorescence-activated	cell	sorting	(FACS)	
analysis	 was	 performed	 on	 a	 FACS	 Canto	 II	 machine	 (BD	 Biosciences,	 CA,	 USA)	 using	 FACS	
antibodies	(eBioscience).	

Bone	Marrow	Transplantation	

LDLr	KO	recipient	mice	were	exposed	to	9	Gy	X-ray	irradiation34	to	destroy	the	endogenous	bone	
marrow.	One	day	after,	 five-million	bone	marrow	cells,	 freshly	 isolated	 from	WT	and	MKP2	KO	
donor	mice,	were	transplanted	into	the	lethally	irradiated	LDLr	KO	recipients	via	tail	vein	injection.	
Bone	marrow	recipient	mice	were	allowed	to	recover	for	8	weeks	on	a	regular	chow	diet,	after	
which	they	were	switched	to	a	Western-type	diet	(WTD)	for	9	weeks	to	induce	the	development	
of	atherosclerotic	lesions.		

Histological	Analysis	of	the	Aortic	Root	

At	sacrifice,	mice	were	subjected	to	whole	body	perfusion	with	PBS.	Subsequently,	hearts	were	
isolated	and	fixed	in	4%	Formal-Fixx	buffer	(Thermo	Scientific™	Shandon™)	for	24	hours,	before	
embedding	 in	 Tissue-Tek	 O.	 C.	 T.	 compound	 (Sakura	 Finetek,	 USA)	 overnight.	 Ten-micron	
cryosections	of	the	aortic	root	were	cut	using	a	Leica	CM3050s	cryostat.	Atherosclerotic	 lesion	
area	(in	µm2)	and	lesional	collagen	and	macrophage	content	were	determined	by	respectively	Oil	
red	O	staining,	Masson’s	Trichrome	(MTC)	staining	and	MOMA-2	immunohistochemical	staining,	
respectively	 (dilution	1:50,	Research	Diagnostics	 Inc).	All	quantification	analysis	of	 the	sections	
was	performed	by	a	blinded	operator	using	the	Leica	image	analysis	system	(Leica	Ltd,	Cambridge,	
UK).	
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Statistical	Analysis	

Data	are	expressed	as	means	±	SEM.	Statistical	significant	differences	between	the	groups	were	
determined	 by	 two-tailed	 unpaired	 Student’s	 t-test	 or	 2-way	 ANOVA	 using	 GraphPad	 Prism	
software	(GraphPad	Software	Inc.,	San	Diego,	California,	USA).	Welch	correction	was	applied	to	
the	 t-test	 in	 the	 case	 of	 unequal	 variances	 in	 the	 dataset.	 A	 p	 value	 of	 <0.05	was	 considered	
statistically	significant.		

Results		

Loss	of	MKP2	in	macrophages	leads	to	enhanced	JNK	activation		

To	study	the	role	of	MKP2	in	macrophage	MAPK	activation,	the	phosphorylation	status	of	JNK,	p38	
and	 ERK1/2	 (hereafter	 referred	 to	 as	 ERK)	 were	 determined.	 Loss	 of	 MKP2	 in	 macrophages	
resulted	in	an	enhanced	activation	of	JNK	(1.5-fold,	p<0.05;	Figure	1A),	whereas	p38	activation	
was	decreased	 in	MKP2	KO	macrophages	 as	 compared	 to	WT	macrophages	 (-25.5%,	p<0.001;	
Figure	1B).	Macrophage	ERK	activation	was	not	affected	by	MKP2	deficiency	(p>0.05;	Figure	1C).	

	
Figure	1	MKP2	deficiency	alters	the	relative	phosphorylation	status	of	MAP-kinases	in	peritoneal	macrophages	

Phosphorylated	and	total	JNK,	p38,	and	ERK	protein	levels	were	measured	by	ELISA	in	thioglycollate-elicited	peritoneal	
macrophages	from	WT	and	MKP2	KO	mice.	Data	are	expressed	as	optical	density	(OD)	ratios	of	A)	phosphorylated	
JNK/total	 JNK,	 B)	 phosphorylated	 P38/total	 P38	 and	 C)	 phosphorylated	 ERK/total	 ERK.	 *p<0.05,	 ***p<0.001,	 ns	
p>0.05.	

MKP2	deficiency	skews	macrophages	to	an	M2-like	phenotype		

JNK	and	p38	are	involved	in	macrophage	polarization.35-37	As	MKP2	deficiency	affected	both	JNK	
and	 p38	 activation,	we	 next	 investigated	whether	MKP2	 deficiency	 also	 affected	macrophage	
polarization.	Relative	mRNA	expression	levels	of	the	M1	markers	iNOS	(-83.7%,	p<0.001)	and	TNF-
α	(-41.8%,	p<0.001)	were	significantly	decreased	in	MKP2	KO	macrophages	as	compared	to	WT	
macrophages	(Figure	2A-B).	In	contrast,	mRNA	expression	of	the	M2	markers	Arg1	and	YM-1	was	
significantly	 increased	 in	MKP2	KO	macrophages	as	compared	to	WT	macrophages,	by	2.7-fold	
(p<0.001;	Figure	2C)	and	2.5-fold	(p<0.05;	Figure	2D)	respectively.	Collectively,	these	data	suggest	
that	loss	of	MKP2	polarizes	macrophages	towards	an	M2	phenotype.	
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Figure	 2	 Thioglycollate-elicited	 macrophages	
lacking	 MKP2	 are	 skewed	 towards	 an	 M2-like	
phenotype.		
Relative	 mRNA	 expression	 levels	 of	 the	 M1	
macrophage	markers	A)	iNOS	and	B)	TNF-α	and	the	
M2	 macrophage	 markers	 C)	 Arg1	 and	 D)	 YM-1	
were	 measured	 by	 quantitative	 PCR.	 *p<0.05,	
**P<0.01,	***p<0.001.	

	

	

	

	

MKP2	 deletion	 upregulates	 the	 expression	 of	 lipid	 uptake	 genes	 and	 enhances	macrophage	

foam	cell	formation.	

Expression	of	SR-A	and	CD36,	the	main	receptors	for	uptake	of	modified	LDL,	are	upregulated	in	
M2	macrophages.6,38	As	a	result,	M2	macrophages	are	more	susceptible	to	foam	cell	formation.39	
Therefore,	 we	 hypothesized	 that	 MKP2	 deletion	 in	 macrophages,	 via	 stimulation	 of	 M2	
polarization,	is	likely	to	predispose	macrophages	to	foam	cell	formation.	In	agreement	with	the	
more	M2-like	macrophage	phenotype,	SR-A	(2.6-fold;	p<0.01)	and	CD36	(2.2-fold;	p<0.001)	mRNA	
expression	was	higher	in	MKP2	KO	macrophages,	as	compared	to	WT	macrophages	(Figure	3A-B).	
The	mRNA	expression	of	ABCA1,	ABCG1	and	HMG-CoA	reductase	were	similar	between	the	two	
genotypes	(p>0.05;	Figures	3C-E),	suggesting	that	cholesterol	efflux	and	endogenous	cholesterol	
synthesis	were	likely	not	affected	by	the	loss	of	MKP2.	Probably,	as	a	result	of	the	augmented	SR-
A	and	CD36	expression,	MKP2	KO	macrophages	already	formed	foam	cells	when	maintained	in	10%	
fetal	 calf	 serum-containing	 culture	 medium	 for	 24	 hours;	 an	 effect	 barely	 found	 in	 WT	
macrophages	under	the	same	culture	conditions	(Figure	3G).	This	supports	the	hypothesis	that	
MKP2	loss	in	macrophages	predisposes	the	cells	to	become	foam	cells.	Correspondingly,	we	also	
observed	more	extensive	foam	cell	formation	in	MKP2	KO	macrophages,	as	compared	to	MKP2	KO	
macrophages	after	oxLDL	treatment	(Figure	3G).		
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Figure	3	MKP2	deficiency	predisposes	thioglycollate-
elicited	macrophages	to	foam	cell	formation.		

Cells	were	 incubated	in	medium	with	or	without	10	µg/mL	
oxLDL	for	24	hours.	Relative	mRNA	expression	levels	of	the	
cholesterol	 uptake	 genes	 A)	 SR-A	 and	 B)	 CD36,	 the	
cholesterol	 efflux	 genes	 C)	 ABCA1	 and	 D)	 ABCG1,	 and	 E)	
HMG-Coa	 reductase	 (HMGCR)	 that	 mediates	 de	 novo	
cholesterol	 synthesis,	 were	measured	 by	 quantitative	 PCR	
under	non-lipid	loading	condition.	G)	Lipid	accumulation	was	
visualized	by	Oil	red	O	staining.	*p<0.05,	ns	p>0.05.	

	

 

Hematopoietic	MKP2	deficiency	 in	 LDLr	KO	mice	does	not	alter	plasma	 lipid	profile	or	white	
blood	cell	counts	

To	verify	the	potential	pro-atherogenic	effect	of	macrophage	MKP2	deficiency	on	atherosclerosis	
development	 in	vivo,	 lethally	 irradiated	LDLr	KO	mice,	transplanted	with	WT	or	MKP2	KO	bone	
marrow,	were	challenged	with	WTD	for	9	weeks	to	 induce	the	development	of	atherosclerotic	
lesions.	 Hematopoietic	MKP2	 deficiency	 did	 not	 impact	 on	 plasma	 free	 cholesterol	 and	 total	
cholesterol	 levels	 (p>0.05,	 Figure	 4A)	 or	 to	 the	 distribution	 of	 cholesterol	 over	 the	 different	
lipoprotein	classes	(Figure	4B).	The	total	blood	leukocyte	count	was	also	not	different	between	
the	two	groups	of	bone	marrow	recipients	 (p>0.05,	Figure	4C).	We	further	analysed	the	blood	
leukocyte	composition	profile	using	flow	cytometry.	No	difference	was	found	in	the	percentage	of	
neutrophils,	total	monocytes,	Ly6Clow	patrolling	monocytes	or	Ly6Chi	pro-inflammatory	monocytes	
(p>0.05,	Figure	4D).	Representative	flow	cytometric	plots	of	circulating	leukocytes	are	shown	in	
figure	4E.	
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Figure	 4	 MKP2	 deletion	 in	
hematopoietic	cells	enhances	anti-
inflammatory	 cytokine	production	
but	does	not	affect	the	plasma	lipid	
profile.		

LDLr	KO	mice	transplanted	with	WT	
or	 MKP2	 KO

	
bone	 marrow	 were	

challenged	 with	 a	 Western-type	
diet	 for	 9	 weeks.	 A)	 Plasma	
cholesterol	levels,	B)	the	cholesterol	
distribution	 over	 the	 different	
lipoprotein	 fractions,	 C)	 total	
circulating	leukocytes	counts	and	D)	
neutrophil/monocyte	 percentages	
were	 determined	 in	 the	 LDLr	 KO	
recipients.	 E)	 Representative	 flow	
cytometric	 plots	 of	 circulating	
leukocytes.	ns	p>0.05;	(n=8-15).		

	

	

	

	

	

	

	

	

	

Hematopoietic	MKP2	deficiency	 in	 LDLr	KO	mice	 is	associated	with	decreased	M1	peritoneal	
macrophage	activation	and	an	anti-inflammatory	plasma	cytokine	profile	

After	9	weeks	WTD	feeding,	peritoneal	cells	of	the	WT	and	MKP2	KO	bone	marrow	transplanted	
mice	 were	 harvested.	 No	 difference	 was	 found	 in	 the	 total	 number	 of	 isolated	 peritoneal	
leukocytes	between	the	two	genotypes	(p>0.05,	figure	5A).	Flow	cytometric	analysis	showed	that	
the	percentage	of	macrophages	(CD11b+	and	F4/80+)	was	also	not	different	between	recipients	of	
MKP2	KO	bone	marrow	or	WT	bone	marrow	(p>0.05,	figure	5B-C),	indicating	that	MKP2	deficiency	
in	bone	marrow	of	LDLr	KO	mice	does	not	affect	macrophage	recruitment	into	the	peritoneal	cavity.	

In	line	with	the	anti-inflammatory	M2-like	phenotype	of	MKP2	KO	macrophages	in	vitro,	the	mean	
fluorescent	 intensity	 (MFI)	 of	 the	 M1	 macrophage	 activation	 markers	 CD86	 and	 MHC-II	 was	
significantly	 lower	 in	 peritoneal	 cells	 of	 MKP2	 KO	 bone	 marrow	 recipients,	 compared	 to	WT	
recipients	(CD86:	-18.8%,	p<0.001;	MHC-II:	-59.0%,	p<0.01;	figures	5D-5E).	
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We	next	investigated	plasma	cytokine	levels	in	the	two	groups	of	bone	marrow	transplanted	mice	
after	9	weeks	WTD	feeding.	LDLr	KO	mice	with	MKP2	KO	bone	marrow	showed	a	striking	6.9-fold	
higher	 plasma	 level	 of	 the	 anti-inflammatory	 cytokine	 IL-10	 as	 compared	 to	 LDLr	 KO	 mice	
reconstituted	with	WT	bone	marrow	(817.3±106.1	pg/mL	for	MKP2	KO	versus	118.4±35.68	pg/mL	
for	WT;	p<0.001;	Figure	5F).	In	further	support	of	a	more	anti-inflammatory	phenotype,	MKP2	KO	
bone	 marrow	 transplanted	 mice	 exhibited	 decreased	 plasma	 levels	 of	 the	 pro-inflammatory	
cytokine	IL-12p40	as	compared	to	their	WT	bone	marrow	recipient	control	mice	(8.5±1.6	pg/mL	
for	MKP2	KO	versus	30.3±5.3	pg/mL	for	WT;	p<0.01;	Figure	5G).	

	

Figure	5	Hematopoietic	MKP2	deficiency	in	LDLr	KO	mice	is	associated	with	decreased	M1	macrophage	activation	
in	the	peritoneal	cavity.		 
LDLr	KO	mice	reconstituted	with	WT	or	MKP2	KO	bone	marrow	were	challenged	with	a	Western-type	diet	for	9	weeks.	
Peritoneal	 leukocyte	 populations	were	 analyzed	by	 flow	 cytometry.	 A)	 Total	 peritoneal	 leukocytes.	 B)	 Peritoneal	
macrophages	 as	 percentage	 of	 total	 leukocytes.	 C)	 Representative	 flow	 cytometric	 plots	 of	 CD11b+	 /	 F4/80+	

macrophages	and	gating	strategy	used	in	the	analysis.	D)	Median	fluorescence	intensity	of	CD86	and	E)	MHC-II	in	WT	
(open	 bars)	 and	MKP2	 KO	 peritoneal	macrophages	 (closed	 bars).	 Plasma	 IL-10	 (F)	 and	 IL-12p40	 (G)	 levels	 were	
determined	by	ELISA.	**p<0.01,	***p<0.001,	ns	p>0.05;	(n=8-15).	
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Hematopoietic	MKP2	deficiency	 in	 LDLr	KO	mice	 is	associated	with	 increased	atherosclerotic	
lesion	development		

Atherosclerotic	 lesion	size	was	analysed	 in	Oil	 red-O	stained	sections	of	 the	aortic	 root	after	9	
weeks	WTD	 feeding.	Bone	marrow-specific	MKP2	deficiency	was	associated	with	an	 increased	
atherosclerotic	lesion	size	(2.1±0.2×105	µm2	for	MKP2	KO	recipients	versus	1.6±0.1×105	µm2	for	
WT	recipients;	p<0.05;	Figure	6A).	No	difference	 in	 lesional	macrophage	content	was	observed	
between	both	groups	(Figure	6B).	However,	compared	to	WT	bone	marrow	recipient	mice,	MKP2	
KO	bone	marrow	transplanted	mice	did	show	a	lower	lesional	collagen	content	(27±2%	for	MKP2	
KO	versus	38±3%	for	WT;	p<0.01;	Figure	6C),	suggesting	that	loss	of	MKP2	in	bone	marrow-derived	
cells	is	associated	with	larger	lesions	with	a	less	stable	phenotype.		

	
Figure	6	Hematopoietic	MKP2	deletion	in	LDLr	KO	mice	promotes	atherosclerosis. 
LDLr	KO	mice	reconstituted	with	WT	or	MKP2	KO	bone	marrow	were	challenged	with	a	Western-type	diet	for	9	weeks.	
A)	Oil	red	O-positive	atherosclerotic	lesion	area	within	the	aortic	root.	B)	Lesional	macrophage	content.	C)	Plaque	
collagen	content.	*p<0.05,	**p<0.01,	ns	p>0.05. 
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Peritoneal	macrophage	M1	markers	are	negatively	correlated	to	aortic	 lesion	size	in	LDLr	KO	

recipients	

To	gain	insight	in	the	possible	mechanism	underlying	the	increased	atherosclerosis	susceptibility	
of	LDLr	KO	mice	transplanted	with	MKP2	KO	bone	marrow,	atherosclerotic	lesion	size	was	plotted	
against	the	cytokine	concentrations	in	plasma,	or	the	expression	of	the	M1	macrophage	markers	
on	peritoneal	cells.	The	concentration	of	anti-inflammatory	cytokines	IL-10	and	IL-12	in	the	plasma	
of	the	recipient	mice	did	not	correlate	with	the	atherosclerotic	lesion	size	in	the	aortic	root	(p>0.05,	
figure	7A	and	7B).	However,	the	MFI	of	the	M1	macrophage	markers	CD86	and	MHCII	were	found	
to	negatively	correlate	with	atherosclerotic	lesion	size	in	the	LDLr	KO	recipients	(r	=	-0.584,	p<0.05	
for	CD86;	r	=	-0.6963,	p<0.01	for	MHCII).	

	
Figure	7	Expression	of	peritoneal	macrophage	M1	markers	are	negatively	correlated	to	aortic	lesion	size	in	LDLr	KO	
recipients 
Correlation	analysis	on	the	plasma	concentration	of	IL-10	(A)	and	IL-12	(B)	and	peritoneal	macrophage	expression	of	
CD86	(C)	and	MHC-II	(D)	with	aortic	root	atherosclerotic	lesion	size.	White	dots	represent	individual	WT	bone	marrow	
transplanted	mice,	while	black	dots	represent	individual	MKP2	KO	bone	marrow	recipient	mice.	Solid	lines	represent	
regression	lines.	Dotted	lines	represent	the	95%	confidence	interval	for	individual	predictions.	(n=16-25). 

Discussion	

In	 the	 current	 study,	we	 investigated	 the	 role	 of	MKP2	 in	macrophage	 polarization,	 foam	 cell	
formation	 and	 atherosclerosis.	 Deletion	 of	 MKP2	 in	 macrophages	 is	 associated	 with	
hyperactivation	 of	 the	 MAPK	 family	 member	 JNK,	 enhanced	 polarization	 towards	 an	 M2-like	
phenotype	and	aggravated	foam	cell	formation	 in	vitro.	Correspondingly,	bone	marrow-specific	
MKP2	deficient	mice	showed	accelerated	atherosclerotic	lesion	development	in	vivo.		

MKP2	 is	 a	 member	 of	 the	 subclass	 of	 nuclear	 inducible	 MKPs,	 which	 also	 contains	 MKP1.	
Hematopoietic	deletion	of	MKP1	induces	atherosclerosis	susceptibility	of	LDLr	KO	mice	to	a	similar	
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extend	as	what	we	show	for	hematopoietic	MKP2	deletion.40	The	effects	of	MKP1	deletion	were	
primarily	attributed	to	effects	on	monocyte	migration,	in	response	to	MCP1.	In	the	current	study,	
we	 showed	 that	 hematopoietic	 MKP2	 deletion	 did	 not	 affect	 blood	 monocyte	 counts	 and	
phenotype	nor	macrophage	migration,	 indicating	that	hematopoietic	MKP1	and	MKP2,	despite	
their	similar	MAPK	inactivating	function,	differentially	influence	atherosclerosis.	

MKP2	is	highly	homologous	with	MKP1	at	the	C-terminal	catalytic	domain,41	but	their	N-terminal	
domains	 are	 less	 closely	 related.19	 The	 unique	 sequence	 in	 the	 N-terminal	 domain	 of	 MKPs	
determine	their	MAPK	substrate	preference.42	MKP1	is	able	to	dephosphorylate	all	three	MAPKs,	
but	its	effects	on	atherogenesis	are	likely	through	deactivation	of	JNK	and	p38.43,44	MKP2	appears	
to	have	only	ERK2	and	JNK	as	preferred	substrates	but	not	p38.19	Notably,	our	current	findings,	
together	with	previously	published	studies,	indicate	that	the	substrate	preference	of	MKP2	is	cell-
type	dependent.	

Here	 we	 show	 that	 deletion	 of	 MKP2	 in	 thioglycollate-elicited	 macrophages	 stimulated	 JNK	
activation.	In	line,	a	recently	published	study	by	Mashael	et	al.	showed	that,	upon	LPS	stimulation,	
JNK	 activation	 was	 largely	 increased	 in	 bone	 marrow-derived	 macrophages	 lacking	 MKP2.45	
However,	 the	 JNK	 activation	 status	 was	 not	 changed	 under	 basal	 conditions	 in	 this	 type	 of	
macrophages.45	This	is	probably	due	to	a	phenotypic	difference,	as	naïve	bone	marrow-derived	
macrophages	 are	 monocyte-like,	 while	 peritoneal	 macrophages	 are	 activated	 in	 response	 to	
thioglycollate.46	 In	 agreement	 with	 the	 Mashael	 et	 al.	 study,27	 ERK	 activation	 in	 peritoneal	
macrophages	was	not	affected	in	the	absence	of	MKP2.	We	did	also	observe	a	decrease	in	p38	
phosphorylation	 on	 the	 MKP2	 KO	 macrophages.	 This	 is,	 however,	 most	 likely	 not	 a	 direct	
consequence	of	the	MPK2	loss,	since	MKPs	deactivate	MAPKs.	JNK	and	p38	negatively	regulate	
each	other’s	activation	in	many	cell	types,47,48	including	thioglycollate-elicited	macrophages.49	As	
such,	the	decreased	phosphorylation	of	p38	in	MKP2	KO	macrophages	can	perhaps	be	attributed	
to	 the	 enhanced	 JNK	 activation.	 Taken	 together,	 our	 study	 suggests	 that	 JNK	 is	 the	 preferred	
substrate	of	MKP2	in	murine	macrophages.	

Macrophage	 polarization	 is	 extensively	 regulated	 by	 phosphorylation	 and	 subsequent	
dephosphorylation	of	proteins	involved	in	cell	signal	transduction	pathways.	Associated	with	the	
augmented	 JNK	 activation	 in	 peritoneal	 macrophages	 lacking	 MKP2,	 the	 expression	 of	 M1	
signature	genes	was	downregulated	and	M2	signature	genes	upregulated,	suggesting	an	M2-like	
phenotype.	Similar	to	our	study,	Stuart	et	al.,	also	found	enhanced	expression	and	activity	of	the	
M2	markers	Arg1	in	naive	MKP2	deficient	bone	marrow-derived	macrophages.	However,	other	in	
vitro	 studies	 showed	 that	 JNK	 activation	 is	 enhanced	 and	 prolonged	 during	 LPS-induced	 M1	
macrophage	 polarization50,51	 Correspondingly,	 JNK	 deficient	 macrophages	 display	 a	 lower	
expression	 of	 M1-associated	 pro-inflammatory	 cytokines	 and	 chemokines	 upon	 LPS	
stimulation.29,35	These	results	are	in	contrast	to	our	findings,	probably	because	in	the	latter	studies	
the	 macrophages	 were	 stimulated	 with	 LPS,	 an	 extremely	 potent	 stimulator,	 that	 skews	 M2	
macrophages	towards	an	M1	phenotype.52	LPS	binding	to	toll-like	receptor	2	stimulates	the	JNK	
activation-induced	 production	 of	 pro-inflammatory	 cytokines.53	 In	 agreement,	 Mashael	 et	 al.	
showed	a	pro-inflammatory	 cytokine	production	profile	 in	 the	 “M2-like”	MKP2	deficient	bone	
marrow-derived	macrophages	upon	stimulation	with	LPS.27	This	indicates	that	loss	of	MKP2	might	
lead	to	a	macrophage	phenotype	that	 is	hyper-responsive	to	LPS	stimulation.	More	research	 is	
needed	to	confirm	this	hypothesis	and	to	address	the	exact	mechanism	of	how	MKP2	regulates	
macrophage	polarization.	
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Macrophage	phenotype	 is	an	 important	 factor	determining	atherosclerosis	 susceptibility.54	M2	
macrophages	 were	 considered	 as	 promising	 therapeutic	 targets	 for	 the	 treatment	 of	
atherosclerosis	due	to	their	anti-inflammatory	properties.55	However,	recent	evidence	suggests	
that	M2	macrophages	are	more	susceptible	to	foam	cell	formation.39,56	In	the	current	study,	for	
the	first	time	a	striking	effect	of	MKP2	deficiency	on	macrophage	foam	cell	formation	was	shown.	
M2	 macrophages	 are	 more	 susceptible	 to	 oxLDL-induced	 foam	 cell	 formation57	 due	 to	 an	
increased	 expression	 of	 the	 scavenger	 receptors	 CD36	 and	 SR-A.38,58	 SR-A	 and	 CD36	 are	
responsible	for	up	to	90%	of	the	oxLDL	uptake	by	macrophages	in	vitro.59	In	line	with	the	M2-like	
phenotype	of	MKP2	KO	macrophages,	the	expression	of	CD36	and	SR-A,	as	well	as	the	associated	
foam	cell	formation,	were	induced	in	the	absence	of	macrophage	MKP2.	JNK	activation	stimulates	
oxLDL-induced	 foam	 cell	 formation	 by	 inducing	 the	 CD36	 /	 JNK	 /	 SR-A	 pathway.60	 Hence,	 we	
speculate	that	the	MKP2	deficiency-induced	macrophage	foam	cell	formation	is	JNK-dependent	
and	acts	likely	through	the	CD36	/	JNK	/	SR-A	pathway	(Figure	8,	left	panel).		

In	line	with	the	observation	that	MKP2	KO	macrophages	were	more	prone	to	develop	into	foam	
cells,	bone	marrow-specific	deletion	of	MKP2	increased	atherosclerotic	lesion	development	in	the	
aortic	root	of	LDLr	KO	mice.	Interestingly,	although	the	atherosclerotic	lesions	were	larger	upon	
MKP2	 deletion	 in	 bone	 marrow-derived	 cells,	 the	 collagen	 content	 was	 lower.	 This	 can	 be	
explained	 by	 a	 previous	 finding	 showing	 that	 M2	 macrophages	 are	 responsible	 for	 collagen	
degradation.61	 In	 line	with	 the	anti-inflammatory	properties	of	M2	macrophages,	plasma	 IL-10	
levels	were	highly	elevated,	while	plasma	IL-12p40	levels	were	decreased	in	the	MKP2	KO	bone	
marrow	 recipients	 as	 compared	 to	 WT	 bone	 marrow	 recipients.	 IL-10	 is	 a	 prototypic	 anti-
inflammatory	 cytokine,	 and	although	 it	 has	been	 shown	 to	 stimulate	oxLDL-induced	 foam	cell	
formation,	it	is	in	general	considered	to	be	athero-protective.62,63	Therefore,	the	increased	IL-10	
production	 in	 the	 current	 study	 is	 unlikely	 to	 have	 contributed	 to	 the	 increased	 lesion	 sizes	
observed	 in	 MKP2	 KO	 bone	 marrow	 transplanted	 mice.	 This	 is	 supported	 by	 the	 correlation	
analysis,	which	showed	that	the	M1	macrophage	marker	expression,	rather	than	plasma	IL-10/12	
cytokine	levels,	is	significantly	associated	with	atherosclerotic	lesion	size	in	the	aortic	root.	As	such,	
we	anticipate	that	the	M2	polarization	and	enhanced	foam	cell	formation,	rather	than	the	reduced	
inflammation,	underlies	the	augmented	atherosclerosis	development	due	to	MKP2	loss	(Figure	8,	
right	panel).	

In	addition	to	macrophages,	MKP2	is	also	expressed	in	other	bone	marrow-derived	cells,	including	
B	cells,	T	cells,	and	dendritic	cells.64-66	Although	in	our	bone	marrow	transplantation	model	MKP2	
deficiency	did	not	influence	B	cell	and	T	cell	counts,	we	cannot	rule	out	a	potential	contribution	
of	MKP2	in	these	cells	to	the	protection	against	atherosclerosis.		

In	conclusion,	we	have	shown	that	(1)	MKP2	deficiency	predisposes	in	vitro	cultured	macrophages	
to	acquire	an	M2	phenotype,	resulting	in	an	enhanced	susceptibility	to	become	foam	cells,	and,	
(2)	MKP2	deficiency	in	bone	marrow-derived	cells	enhances	the	susceptibility	to	atherosclerotic	
lesion	development	in	vivo	(Figure	8).	
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Figure	8	Diagram	of	MKP2	effects	deletion	on	macrophage	activation	and	atherosclerosis. 
MKP2	 deficiency	 in	 macrophages	 stimulates	 JNK	 activation,	 leading	 to	 M2	 polarization.	 CD36	 expression	 is	
upregulated	in	M2	macrophages	which	in	turn	stimulates	JNK	phosphorylation	and	subsequent	SR-A	upregulation.	
Under	oxLDL	conditions,	stimulation	of	the	CD36/JNK/SR-A	pathway	promotes	foam	cell	formation.	MKP2	induced	
M2	 macrophage	 and	 foam	 cell	 formation	 overweigh	 the	 athero-protective	 role	 of	 elevated	 anti-inflammatory	
cytokine	production,	promoting	atherosclerosis	development	in	vivo.	 
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