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General overview and outline

Coagulation

To	 prevent	 blood	 loss	 after	 vascular	 injury,	 the	 damaged	 vessel	 wall	 is	 covered	 by	 a	
platelet-	 and	 fibrin-containing	 clot	 thereby	 stopping	 bleeding	 and	 allowing	 the	 repair	
of	 the	 damaged	 vessel.	 During	 so-called	 primary	 hemostasis,	 platelets	 adhere	 to	 the	
subendothelial	matrix	to	form	a	hemostatic	plug	at	the	site	of	injury.	Simultaneously,	during	
secondary	hemostasis	in	a	cascade	of	proteolytic	reactions	coagulation	factors	form	fibrin	
strands	which	strengthen	the	platelet	plug	[1-2].	

The	 coagulation	 cascade	 (figure	 1)	 was	 traditionally	 divided	 into	 an	“intrinsic”	 and	 an	
“extrinsic”	 pathway,	 which	 converge	 in	 a	 “common”	 pathway.	 The	 “intrinsic”	 pathway	 of	
coagulation	is	initiated	when	blood	comes	into	contact	with	negatively	charged	surfaces.	
A	series	of	proteolytic	reactions	results	in	the	subsequent	activation	of	prekallikrein,	factor	
(F)XII,	 FXI	 and	 FIX,	 and	 the	 cleavage	 of	 high	 molecular	 weight	 kininogen,	 leading	 to	 FX	
activation	 [3].	 The	 “extrinsic”	 pathway	 is	 initiated	 by	 tissue	 factor	 (TF)	 expression	 upon	
vascular	 injury	 and	 after	 complex	 formation	 with	 FVII	 also	 results	 in	 activation	 of	 FX	 [4].	
Activated	FX	(FXa)	activates	 in	the	“common”	pathway	prothrombin,	 leading	to	thrombin	
formation,	 finally	 converting	 fibrinogen	 into	 fibrin.	 This	 concept	 of	 the	 “intrinsic”	 and	
“extrinsic”	 pathways	 served	 for	 many	 years	 as	 a	 useful	 model	 for	 coagulation,	 but	 recent	
evidence	shows	that	the	pathways	are	highly	interconnected.	For	example,	high	levels	of	TF	
in	complex	with	activated	FVII	(FVIIa)	directly	activate	FX,	while	at	low	TF	concentrations,	FX	
activation	also	involves	FIXa	of	the	“intrinsic”	pathway	[5-6].	Furthermore,	thrombin	directly	

Figure 1: Schematic	representation	of	the	coagulation	cascade.	Tissue	factor	(TF)	and	activated	FVII	(FVIIa)	form	
a	complex	to	activate	FIX	and	FX.	FXa	converts	prothrombin	into	thrombin,	which	on	its	turn	cleaves	fibrinogen	
into	 fibrin.	Thrombin	 also	 activates	 FVIII	 and	 FV,	 which	 are	 co-factors	 for	 FIXa	 and	 FXa,	 respectively,	 and	 FXI,	
which	activates	FIX.	Thrombin	generation	is	inhibited	by	the	natural	anti-coagulants	tissue	factor	pathway	in-
hibitor	(TFPI),	anti-thrombin	(AT)	and	activated	protein	C	(APC).	APC is	formed	by	the	activation	of	protein	C	by	
thrombomodulin	(TM)	in	the	presence	of	thrombin	and/or	endothelial	cell	protein	C	receptor	(EPCR).
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activates	FXI	[7-8],	whereas	clinical	practice	learns	that	patients	with	severe	FVII	deficiency	
may	bleed	even	though	the	“intrinsic”	pathway	is	intact	[9].	Moreover,	the	severe	bleeding	
complications	 associated	 with	 deficiencies	 of	 FVIII	 or	 FIX	 would	 not	 be	 expected	 if	 the	
“extrinsic”	pathway	alone	would	be	sufficient	to	achieve	normal	haemostasis.	

The	 current	 model	 of	 blood	 coagulation	 is	 therefore	 that	 vascular	 injury	 leads	 to	 TF	
exposure	to	the	blood	and	subsequent	complex	formation	between	TF	and	FVII	(see	figure	
1).	 Subsequently,	 the	TF/FVII	 complex	 activates	 FX	 either	 directly	 (“extrinsic”	 pathway)	 or	
indirectly	 via	 activation	 of	 FIX	 (“intrinsic	 pathway”),	 resulting	 in	 FXa	 mediated	 cleavage	
of	 prothrombin	 into	 thrombin.	Thrombin	 cleaves	 fibrinogen	 into	 fibrin,	 fibrin	 monomers	
form	 polymers	 and	 a	 fibrin	 clot	 is	 formed.	 In	 addition,	 thrombin	 activates	 FXI,	 FVIII	 and	
FV,	 resulting	 in	 enhanced	 production	 of	 FIXa	 and	 FXa,	 thereby	 augmenting	 thrombin	
production	[7-8].	

To	 prevent	 thrombotic	 complications	 due	 to	 excessive	 or	 untimely	 fibrin	 formation,	
several	 regulatory	 mechanisms	 exist.	 Procoagulant	 factors	 are	 diluted	 in	 and	 removed	
from	 the	 circulation	 and	 are	 additionally	 controlled	 by	 natural	 antithrombotics	 such	 as	
heparins	[10-11].	Furthermore,	several	anticoagulant	proteins	are	active	in	the	bloodstream	
to	 terminate	 the	 clotting	 cascade.	 The	 most	 important	 anticoagulant	 proteins	 are	 the	
circulating	 enzyme	 inhibitors	TF	 pathway	 inhibitor	 (TFPI),	 antithrombin	 (AT)	 and	 protein	
C	 [12].	 TFPI	 binds	 to	 and	 inhibits	 FXa.	 Subsequently,	 the	 so-formed	 TFPI-FXa	 complex	
interacts	with	 the	TF/FVIIa	complex	 thereby	 inhibiting	 the	activation	of	both	FX	and	FIX.	
The	second	enzyme	inhibitor,	AT,	inhibits	FIXa,	FXa,	and	thrombin.	The	anticoagulant	effect	
of	AT	 is	modified	by	heparin	binding,	which	 increases	 the	affinity	of	AT	 for	 thrombin	but	
also	 for	 its	 other	 substrates.	 The	 final	 anticoagulant	 protein,	 protein	 C,	 circulates	 as	 an	
inactive	zymogen.	In	the	presence	of	low	thrombin	concentrations,	protein	C	is	activated,	
this	activation	 involves	 two	endothelial	cell	 receptors:	 i.e.	 thrombomodulin	 (TM)	and	the	
endothelial	protein	C	receptor	(EPCR).	TM	is	a	cofactor	for	thrombin	and	changes	thrombin’s	
specificity	 from	 procoagulant	 to	 anticoagulant	 by	 activation	 of	 PC	 [13].	 Recruitment	 of	
PC	 to	 EPCR	 enhances	 its	 activation	 by	 thrombin/TM.	 Once	 activated,	 activated	 PC	 (APC)	
proteolytically	degrades	the	factors	FVIIIa	and	FVa	[14],	using	protein	S	as	a	cofactor,	thereby	
limiting	thrombin	formation	[15].

For	decades	it	had	been	thought	that	coagulation	factors	represented	a	group	of	relative	
passive	mediators	only	involved	in	the	linear	transduction	of	the	coagulation	cascade	(as	
described	above).	Scientific	progress	in	the	last	decade	has	taught	us,	however,	that	these	
factors	actively	engage	target	cells	thereby	fulfilling	critical	functions	in	a	wide	variety	of	
pathophysiological	 phenomena.	 For	 example,	 coagulation	 factors	 play	 (in	 a	 coagulation	
independent	 manner)	 important	 roles	 in	 cell	 migration	 and	 proliferation	 [16],	 tumor	
neovascularisation	[17],	metastasis	[18]	and	the	development	of	embryonic	blood	vessels	
[19].	The	major	objective	of	the	studies	described	in	this	thesis	is	to	further	understand	the	
‘coagulation-independent’	 role	 of	 blood	 coagulation	 factors	 in	 cancer,	 inflammation	 and	
during	embryonic	development.
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Blood coagulation and Cancer
Armand	Trousseau,	a	French	physician,	is	often	considered	to	have	been	the	first	to	describe	

the	 association	 between	 cancer	 and	 venous	 thrombosis	 [20].	 However,	 a	 careful	 literature	
analysis	 revealed	 that	 already	 in	 1823	 Bouillaud	 described	 three	 cancer	 patients	 with	 deep	
venous	thrombosis	[21-22].	Dr	Bouillaud	described	a	peripheral	oedema	in	the	legs	of	cancer	
patients	and	suggested	that	the	oedema	resulted	from	obstruction	of	the	veins	by	fibrin	clots	
(‘caillot	fibrineux’)	which	were	induced	by	the	cancerous	process.	Trousseau	outlined	in	detail		
the	relationship	between	cancer	and	venous	thromboembolism	(VTE)	in	his	often	quoted	book	
from	1865,	thus	42	years	after	the	first	report	of	Bouillaud	[20].	Trousseau	named	the	syndrome	
“phlegmasia	alba	dolens”	(acute	white	and	painful	inflammation).	The	underlying	mechanism	
of	the	so-called	“Trousseau’s	syndrome”	likely	 includes	all	aspects	of	Virchows	triad:	stasis	of	
blood,	 trauma	 or	 pathology	 of	 the	 endothelium	 and	 hypercoagulability	 of	 the	 blood	 itself	
[23-24].	Since	the	publications	of	Bouillaud	and	Trousseau	numerous	studies	investigating	the	
relationship	between	cancer	and	VTE	have	been	performed	and	from	these	studies	it	is	now	
clear	that	the	chance	of	having	cancer	at	the	time	of	being	diagnosed	with	VTE	is	somewhere	
between	4	and	12%	[25].	The	diagnosis	of	cancer	is	most	often	made	during	the	first	60	days	
after	an	unprovoked	episode	of	VTE	[26].	After	a	year	the	risk	gradually	decreases		[27]	and	after	
4	to	6	months	the	observed	VTE	equals	again	the	expected	number	[22].

Also	deep	venous	thrombosis	(DVT)	is	associated	with	a	significantly	higher	frequency	of	
malignancy	during	the	first	six	months	after	diagnosis	of	the	DVT.	The	incidence	of	malignancy	
was	higher	in	the	patients	with	thrombosis	than	in	the	patients	without	thrombosis	(11	(upto	
25)	versus	7.5	%)	[28-29].

More	recently,	the	inverse	idea	that	cancer	cells	might	‘abuse’	a	hypercoagulable	state	to	
more	efficiently	metastasize	has	gained	attention	[30-31].	Based	on	the	notion	that	activation	
of	the	coagulation	cascade	plays	a	detrimental	role	in	cancer	outcome,	several	studies	explored	
the	beneficial	effect	of	anticoagulant	therapy	in	patients	with	cancer.	From	a	clinical	viewpoint,	
the	first	report	on	a	possible	beneficial	effect	of	anticoagulants	in	cancer	progression	dealed	
with	vitamin	K	antagonists	(VKA)	in	the	1960’s.	However,	a	systematic	literature	review	showed	
that	 there	 is	 not	 enough	 evidence	 to	 support	 long-term	 therapy	 with	 VKA	 for	 prolonging	
survival	in	cancer	patients	[32].

More	recent	data	from	clinical	trials	in	cancer	patients	have	suggested	a	beneficial	effect	on	
survival	from	low	molecular	weight	heparins	(LMWHs)	compared	to	unfractionated	heparins	
or	placebo.	Overall,	dalteparin	 (fragmin)	administration	did	not	significantly	 improve	1-year	
survival	rate	in	patients	with	advanced	malignancy	[33].	However,	subgroup	analysis	revealed	
that	patients	with	a	better	prognosis	at	entry	of	the	study	do	live	longer	suggesting	a	potential	
modifying	 effect	 of	 dalteparin	 on	 tumor	 biology.	 In	 addition,	 Klerk	 and	 colleagues	 showed	
that	 a	 brief	 course	 of	 subcutaneous	 LMWH	 (nadroparine	 =	 fraxiparine)	 favorably	 influences	
the	survival	in	patients	with	advanced	malignancy	[34].	Again,	patients	with	better	prognosis	
at	the	inclusion	date	show	the	most	prominent	survival	benefit.	The	potential	anti-tumor	effect	
of	LMWHs	can	be	attributed	to	a	wide	variety	of	 features:	 (1)	 inhibition	of	angiogenesis,	 (2)	
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enhancement	of	immune	attack	on	tumors,	(3)	a	direct	effect	on	tumor	cells	including	inhibiting	
expression	 of	 oncogenes	 like	 c-myc	 and	 c-fos,	 (4)	 altered	 enzymatic	 activity,	 including	 the	
inhibition	 of	 tumor	 heparanase	 that	 mediates	 invasion	 and	 metastasis	 and	 the	 inhibition	 of	
matrix-degrading	enzymes,	(5)	anti-oxidant	effects,	(6)	the	modification	of	growth	factor	activity,	
(7)	 the	 inhibition	 of	 blood	 coagulation	 activation,	 (8)	 the	 inhibition	 of	 cell	 migration,	 (9)	 the	
inhibition	of	tumor	cell	adhesion	to	endothelial	cells,	(10)	the	inhibition	of	multi-drug	resistance	
and	(11)	the	suppression	of	coagulation	proteases	in	the	tumor	environment	[35-43].

In	 support	 of	 the	 results	 from	 the	 the	 clinical	 trials,	 experimental	 animal	 models	 have	
shown	that	blood	coagulation	factors	might	affect	cancer	outcome.	 In	a	murine	pulmonary	
metastasis	model,	it	has	been	shown	that	a	minute	concentration	of	thrombin	(not	reducing	
platelet	count)	enhanced	metastasis	[44].	In	addition,	thrombin	helped	tumor	cells	to	adhere	
more	avidly	to	platelets,	fibronectin	and	endothelial	cells,	and	thrombin-treated	tumor	cells	
undergo	enhanced	experimental	pulmonary	metastasis	[45].	Thrombin	had	also	a	significant	
stimulatory	 effect	 on	 angiogenesis	 via	 VEGF	 production	 [46]	 and	 thrombin	 induced	 tube	
formation	of	endothelial	cells	in	a	matrigel	membrane	system	[47].	Applying	as	little	as	0.05-
0.1	U/ml	thrombin	to	a	chorioallantoic	chick	membrane	stimulated	angiogenesis	about	2	to	
3-fold,	 thus	 establishing	 thrombin-induced	 angiogenesis	 in	 a	 more	 relevant	 model.	 Finally,	
the	importance	of	endogenously	generated	thrombin	for	tumor	metastasis	was	established	
employing	the	highly	potent	and	specific	inhibitor	of	thrombin,	hirudin.	Hirudin	given	at	various	
dosing	regimens	before	tumor	inoculation	dramatically	reduced	pulmonary	metastasis	[48].

Blood coagulation and Inflammation
In vitro	 and	 in vivo	 data	 have	 provided	 abundant	 evidence	 for	 cross-talk	 between	

coagulation	and	inflammation	[49].	Inflammatory	mediators	influence	the	coagulation	cascade	
through	upregulation	of	coagulation	factors	 like	TF,	thrombin	and	fibrin,	and	via	 inhibition	
of	 the	 fibrinolytic	 system.	 Endotoxemia	 studies	 in	 human	 volunteers	 and/or	 chimpanzees	
have	 demonstrated	 that	 endotoxin-induced	 activation	 of	 the	 extrinsic	 coagulation	 system	
[50]	 appears	 to	 be	 mediated	 by	 pro-inflammatory	 cytokines	 like	 tumor	 necrosis	 factor-α	
(TNF-α,	interleukin-1	(IL-1)	and	IL-6	[51].	TNF-α	administration	to	healthy	volunteers	elicited	
rapid	activation	of	coagulation	which	was	similar	to	that	evoked	by	endotoxin	[52].	Moreover,	
intervention	with	monoclonal	IL-6	antibodies	[53]	or	IL-1	receptor	antagonists	[54]	attenuated	
endotoxin-induced	coagulation.

Evidence	 for	 the	role	of	coagulation	 factors	 in	 inflammation	 is	also	derived	 from	sepsis	
and/or	 endotoxemia	 models.	 For	 instance,	 inhibition	 of	 the	TF/FVIIa	 complex	 with	 anti-TF	
antibodies,	 [50]	 tissue	 factor	 pathway	 inhibitor	 (TFPI)	 [55-56]	 or	 active-site	 inhibited	 FVIIa	
(DEGR-FVIIa)	 [57]	 prevented	 disseminated	 intravascular	 coagulation	 (DIC)	 and	 increased	
survival	 in	 baboons	 intravenously	 injected	 with	 Escherichia (E.) coli.	 In	 addition,	 several	
years	ago,	a	phase	III	study	showed	that	adjuvant	treatment	with	activated	protein	C	(APC)	
decreased	 mortality	 in	 patients	 with	 severe	 sepsis	 [58-59].	 Kerschen	 recently	 showed	 that	
APC’s	efficacy	in	reducing	mortality	in	LPS-induced	sepsis	was	predominantly	based	on	EPCR-	
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and	PAR-1-dependent	cell	signaling,	since	APC	variants	with	normal	cell	signaling	but	reduced	
anticoagulant	activities	retain	the	efficacy	while	reducing	the	risk	of	bleeding	[60].	APC	has	
anti-inflammatory	[14,	61]	as	well	as	anti-apoptotic	effects	on	endothelial	cells	[62].	

Not	 only	 APC	 is	 considered	 to	 have	 functions	 outside	 of	 the	 coagulation	 cascade	 (as	
already	mentioned	above).	Thrombin,	for	instance,	has	pro-inflammatory	capacities,	since	it	
acted	as	a	chemotactic	factor	for	neutrophils	and	was	associated	with	an	increase	in	adhesion	
molecule	expression	[63].	In	addition,	TF	may	have	important	biological	functions	independent	
from	its	well-established	role	 in	blood	coagulation.	TF	may	be	 important	 for	processes	 like	
embryogenesis,	[64-65]	tumor	progression	and	neovascularization,	[66]	and	chemotaxis	[67].	
However,	with	regard	to	sepsis,	TF’s	proposed	role	in	cell	adhesion	might	be	more	relevant.	
During	 inflammation,	 mononuclear	 phagocytes	 cross	 the	 lymphatic	 endothelium	 in	 the	
basal-to-apical	direction	 (i.e.	 reverse	migration),	a	process	dependent	on	the	expression	of	
TF	on	the	surfaces	of	these	cells	[68].	Taken	together,	these	studies	suggest	that	coagulation	
factors	play	an	important	role	in	inflammation.

Blood coagulation and embryonic development
Most	genes	 involved	 in	blood	coagulation	have	been	knocked	out	 in	mice.	 It	has	been	

known	for	several	years	that	knocking	out	the	murine	TF	gene	leads	to	embryonic	lethality	
between	 embryonic	 day	 9.5	 and	 embryonic	 day	 (ED)	 11.5	 of	 gestation	 [64-65,	 69].	 As	TF-
deficient	blood	vessels	lack	a	proper	muscular	wall,	they	are	too	fragile	and	have	a	tendency	
to	 leak	 when	 blood	 pressure	 rises	 [64-65,	 69].	Thus,	 early	 embryonic	 death	 in	TF-deficient	
mice	probably	results	from	haemorrhage	and	leakage	of	blood	from	both	extra-embryonic	
and	embryonic	vessels	[64].	Although	TF	knock-out	mice	can	survive	to	birth	if	delivered	by	
Caesarean	section,	they	die	after	just	2–3	weeks	as	a	result	of	major	bleeding	[65].	Interestingly,	
very	low	TF	levels	(less	than	1%	of	wild-type	levels)	seem	sufficient	for	embryonic	development	
and	survival	in	mice	[70],	although	mice	with	low	TF	typically	die	at	around	8	months	of	age	
from	cardiac	fibrosis	and	 left	ventricular	dysfunction	caused	by	haemorrhage	 from	cardiac	
vessels	 [71].	 Consistent	 with	 the	 severe	 bleeding	 phenotype	 and	 consequent	 embryonic	
lethality	of	TF	deficiency	in	mice,	no	TF	deficient	 individuals	are	known,	 implying	that	TF	is	
essential	for	human	life.

Rather	 surprisingly	 considering	 the	 lethality	 of	TF	 deficiency,	 mice	 deficient	 for	 the	TF	
ligand,	i.e.	FVII,	do	survive	until	birth	[72].	In	contrast	to	the	defects	in	TF	deficient	embryos,	
no	 vascular	 defects	 were	 seen	 in	 the	 yolksac	 or	 in	 the	 embryo	 itself.	 	 However,	 more	 than	
50%	of	the	FVII	deficient	embryos	died	within	the	first	24	hours	after	birth	because	of	fatal	
intra-abdominal	bleeding.	To	explain	the	seeming	discrepancy	between	TF	and	FVII	deficient	
mice,	 it	has	been	hypothesized	that	the	survival	of	FVII	deficient	embryos	might	be	due	to	
the	transfer	of	small	amounts	of	maternal	FVII	(and/or	FX)	to	the	deficient	embryos.	Indeed,	
crossing	 conditional	 FVII	 knock-out	 females	 with	 FVII+/-	 males	 enabled	 the	 generation	 of	
FVII	 deficient	 embryos	 in	 mothers	 that	 produce	 very	 low	 levels	 of	 FVII	 and	 therefore	 have	
markedly	 reduced	 potential	 for	 maternal	 transfer	 of	 FVII	 [72,	 73].	 Remarkably,	 such	 a	 cross	
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produced	 no	 viable	 FVII	 deficient	 embryos	 beyond	 embryonic	 day	 12.5,	 whereas	 younger	
embryos	show	malformations	that	resemble	TF	deficient	embryos.	Apparently,	in	the	normal	
situation,	maternal	FVII	rescues	FVII	deficient	embryos	and	this	implies	that,	FVII,	like	TF,	plays	
an	important	role	in	vascular	development	[74].	

Deficiencies	of	coagulation	 factors	more	downstream	 in	 the	coagulation	cascade	seem	
less	 deleterious	 for	 proper	 development.	 FX	 deficiency	 causes	 only	 partial	 embryonic	
lethality	 between	 ED	 11,5-12,5.	 Only	 15%	 instead	 of	 the	 expected	 25%	 of	 the	 offspring	 of	
heterozygous	deficient	FX	breeding	pairs	was	homozygous	deficient	for	FX.	The	embryos	that	
did	succumb,	died	because	of	severe	bleeding	complications.	The	phenotype	of	FX	deficiency	
resembles	that	of	FV	and	prothrombin	deficiency,	suggesting	that	thrombin	provides	a	critical	
embryonic	function	at	midgestation	although	it	is	not	essential	as	are	TF	and	FVII	[74].

Outline of the thesis 
As	already	indicated,	the	primary	objective	of	this	thesis	is	to	elucidate	the	role	of	blood	

coagulation	factors	in	cancer,	inflammation	and	during	embryonic	and	vascular	development.	
Chapters	2-6	address	the	interplay	between	blood	coagulation	and	tumor	cell	metastasis.	We	
first	determined	the	effect	of	congenital	coagulation	disorders	(FV	Leiden	and	Hemophilia	A)	
(chapter 2),	high	FVIIa	 levels	 (chapter 3)	and	specific	 thrombin	 inhibitors	 (chapter 4)	after	
which	we	showed	that	the	effects	of	anticoagulantia	might	be	constricted	to	certain	types	of	
cancer	(chapter 5 and 6).

In	the	next	series	of	chapters	(7-10),	we	studied	the	role	of	blood	coagulation	in	inflammatory	
disease.	To	this	end,	FVIII	deficient	(chapter	7)	or	FV	Leiden		(chapter 8)	mice	were	subjected	
to	 E. coli	 peritonitis.	 Subsequently,	 we	 determined	 the	 (patho)physiological	 relevance	 of	 a	
recently	 identified	splice	variant	of	tissue	factor,	 i.e.	alternatively	spliced	tissue	factor	 (asTF).	
We	 first	 identified	 the	 murine	 variant	 and	 subsequently	 we	 subjected	 wildtype	 mice	 to	 a	
Streptococcus pneumoniae model	and	asTF	levels	were	determined	(chapter 9).	Furthermore,	
we	determined	the	presence	of	asTF	in	FeCl3	induced	blood	clots.	Chapter 10	focuses	on	the	
causal	relationship	between	hyperglycemia	and	arterial	thrombosis.	We	determined	whether	
inflammation	(LPS)	influenced	hyperglycemia-induced	thrombus	formation.	

Chapters	11	and	12	aim	to	elucidate	the	role	of	TF	in	embryonic	vascular	development.	First,	
we	generated	chimeric	mice	from	wildtype	and	TF	deficient	embryonic	stem	cells	(chapter 11)	
and	subsequently	we	used	these	embryonic	stem	cells	to	generate	embryonic	bodies.	Chapter 
12	describes	the	capability	of	these	embryonic	bodies	to	form	vascular	structures.
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Abstract

Experimental	 animal	 studies	 as	 well	 as	 clinical	 trials	 have	 shown	 that	 interventions	
targeting	the	blood	coagulation	cascade	inhibit	cancer	cell	metastasis.	These	data	support	the	
hypothesis	that	congenital	prothrombotic	disorders,	like	factor	V	Leiden,	facilitate	metastasis	
whereas	 bleeding	 disorders	 like	 hemophilia	 impede	 metastasis.	To	 test	 this	 hypothesis,	 we	
subjected	 factor	V	 Leiden	 and	 factor	VIII	 deficient	 mice	 to	 a	 murine	 model	 of	 experimental	
lung	metastasis.	In	this	model,	B16F10	murine	melanoma	cells	are	injected	into	the	tail	vein	
resulting	 in	 multiple	 lung	 metastases	 within	 20	 days.	 Both	 hemi-	 and	 homozygous	 factor	
VIII	deficient	mice	were	protected	against	 lung	metastasis	compared	 to	wildtype	 littermate	
controls.	 In	 contrast,	 homozygous	 factor	 V	 Leiden	 mice	 developed	 more	 metastases	 than	
wildtype	 littermates,	 whereas	 heterozygous	 carriers	 showed	 an	 intermediate	 number	 of	
pulmonary	foci.	Overall,	these	data	show	that	a	congenital	susceptibility	to	either	bleeding	or	
thrombosis	modifies	the	metastatic	capacity	of	cancer	cells	in	the	bloodstream	and	suggest	
that	procoagulant	phenotypes	are	a	risk	factor	for	tumor	metastasis.
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Introduction

The	relation	between	thrombosis	and	cancer	was	first	recognized	in	1823	by	Dr	Bouillaud	
[1-2]	and	similar	findings	were	extensively	described	by	Armand	Trousseau	some	years	later	
[3].	Since	the	publications	of	Bouillaud	and	Trousseau	numerous	studies	into	the	relationship	
between	 cancer	 and	 venous	 thrombosis	 have	 been	 performed	 and	 from	 these	 studies	 it	 is	
now	clear	that	the	likelyhood	of	having	cancer	at	the	time	of	being	diagnosed	with	venous	
thrombo-embolism	is	somewhere	between	4	and	12%	[4].	

Several	years	after	the	recognition	that	cancer	can	provoke	thrombosis,	it	was	hypothesised	
that	activation	of	blood	coagulation	contributes	to	tumor	growth	and/or	invasion	[5].	However,	
proof	of	concept	for	this	hypothesis	was	not	firmly	obtained	until	1991,	when		Nierodzik	et al	[6]	
showed	that	intravenous	injection	of	thrombin	resulted	in	enhanced	pulmonary	metastases	in	
mice.	Subsequent	interventional	studies	targeting	different	factors	of	the	haemostatic	system	
identified	endogenous	thrombin	as	major	contributor	to	tumor	metastasis	[7-8].

Several	 mechanisms	 by	 which	 cancer	 cells	 may	 use	 a	 hypercoagulable	 state	 to	 more	
efficiently	metastasize	are	documented	[9].	Individual	blood	coagulation	factors	may	activate	
endothelial	cells	and/or	platelets	leading	to	growth	factor	release	and	tumor	proliferation	[10-
12].	Alternatively,	cancer	cells	may	interact	with	fibrin	in	such	a	way	that	the	cancer	cells	are	
protected	against	mechanical	stress	or	the	host	immune	system	[11,	13-15].	Fibrin	might	also	
provide	 a	 matrix	 for	 tumor-associated	 angiogenesis	 and	 fibrin	 might	 facilitate	 adhesion	 of	
cancer	cells	to	the	endothelium	[11,	13-15].	Also	formation	of	cancer	cell–platelet	complexes	is	
thought	to	provide	a	shield	that	protects	the	cancer	cell	from	immune	competent	cells	and	to	
favour	adhesion	to	vascular	endothelium	[16].

The	 notion	 that	 blood	 coagulation	 may	 sustain	 tumor	 metastasis	 initiated	 several	
randomized,	 placebo	 controlled	 clinical	 trials	 with	 anticoagulants.	 These	 trials	 pointed	 to	
a	 beneficial	 effect	 on	 survival	 from	 low	 molecular	 weight	 heparins	 (LMWHs)	 compared	 to	
unfractionated	 heparins	 or	 placebo.	 Overall,	 dalteparin	 administration	 did	 not	 significantly	
improve	the	1-year	survival	rate	in	patients	with	advanced	malignancy	[17].	However,	subgroup	
analysis	revealed	that	patients	with	a	relatively	good	prognosis	at	entry	of	the	study	did	live	
longer,	suggesting	a	potential	modifying	effect	of	dalteparin	on	cancer	biology.	 In	addition,	
Klerk	and	colleagues	showed	that	a	brief	course	of	subcutaneous	LMWH	favourably	influenced	
the	survival	in	patients	with	advanced	malignancy	[18].	Again,	patients	with	a	better	prognosis	
at	the	inclusion	date	showed	the	most	prominent	survival	benefit.

The	 murine	 data	 as	 well	 as	 the	 clinical	 trials	 mentioned	 above	 support	 the	 hypothesis	
that	 a	 genetic	 predisposition	 to	 thrombosis	 would	 facilitate	 tumor	 metastasis	 whereas	 a	
bleeding	tendency	would	impede	metastasis.	To	test	this	hypothesis,	we	subjected	factor	(F)	V	
Leiden	(FVL	[19])	and	FVIII	deficient	mice	to	a	well-established	model	of	experimental	murine	
metastasis	[20-23].	FVL	mice	carry	an	arginine	to	glutamine	missense	mutation	in	the	FV	gene	
at	position	504	[24].	The	amino	acid	substitution	in	one	of	the	three	cleavage	sites	for	activated	
protein	C	(APC)	in	FV	leads	to	decreased	APC-mediated	inactivation	of	FV	and	decreased	FV	
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cofactor	activity	for	FVIIIa	inactivation	[25],	thereby	inhibiting	an	important	negative	feedback	
loop	 in	 the	 coagulation	 system.	 Consequently,	 FVL	 mice	 display	 increased	 fibrin	 deposition	
in	several	organs	and	show	an	 increased	tendency	to	develop	thrombosis	 [24].	Mice	with	a	
targeted	 disruption	 of	 the	 FVIII	 gene	 suffer	 from	 hemophilia	 A	 [26-27],	 the	 most	 common	
inherited	bleeding	 disorder	with	an	 incidence	of	nearly	 1	 in	 5000	males	 [28].	FVIII	deficient	
mice	 are	 severely	 hampered	 in	 their	 capacity	 to	 activate	 FX	 via	 FXI	 and	TF-dependent	 FIXa	
generation,	thereby	lacking	essential	accelerating	processes	in	the	coagulation	system.

Materials and methods

In vitro culture
Murine	B16F10	melanoma	cells	were	obtained	from	the	American	Type	Culture	Collection	

(Manassas,	Virginia	U.S.A.).	Cells	were	grown	in	Dulbecco	modified	Eagle	medium	(DMEM)	and	
supplemented	with	10%	(v/v)	fetal	calf	serum	(FCS,	Sigma-Aldrich),1%	penicillin-streptomycin	
solution	 and	 2	 mM	 L-glutamine	 at	 37°C.	 Cells	 were	 harvested	 at	 sub-confluence	 with	
ethylenediaminetetraacetic	(EDTA),	washed	in	phosphate-buffered	saline	(PBS)	and	stored	at	
4°C	prior	to	inoculation.	

Animals 
The	generation	of	FVIII	deficient	mice	 (exon	16	disrupted)	was	described	 in	detail	by	dr.	

Bi	and	co-workers	 [26-27].	Hemizygous	and	homozygous	FVIII-deficient	mice,	heterozygous	
carriers	 and	 wild-type	 littermates	 were	 obtained	 by	 mating	 heterozygous	 FVIII-deficient	
females	with	hemizygous	males	as	described	before	[29].	FVL	mice	were	described	previously	
by	Dr	Cui	and	co-workers	and	are	on	a	mixed	genetic	background	of	C57Bl/6	and	129Sv	[24].	
The	mice	were	backcrossed	to	C57BL/6J	mice	for	four	generations	(N4),	and	N4	heterozygous	
mice	were	intercrossed	to	produce	homozygous,	heterozygous,	and	wild-type	offspring	[30].	
To	eliminate	influences	caused	by	differences	in	genetic	background	on	the	interpretation	of	
the	results,	wildtype	littermates	were	used	as	controls.	All	mice	were	bred	and	maintained	at	
the	animal	care	facility	at	the	Academic	Medical	Center	according	to	institutional	guidelines,	
with	free	access	to	food	and	water.	Animal	procedures	were	carried	out	in	compliance	with	the	
Institutional	Standards	for	Humane	Care	and	Use	of	Laboratory	Animals.	All	mice	were	housed	
in	the	same	temperature-controlled	room	with	alternating	12-hr	light/dark	cycles.	Mice	at	an	
age	of	8-10	weeks	were	used	in	the	melanoma	metastasis	model	as	described	below.

Experimental pulmonary metastasis model
Murine	melanoma	cells	were	resuspended	in	PBS	and	a	volume	of	200	µL	(3·105	cells)	were	

injected	intravenously	into	the	tail	vein	of	the	different	mice.	Wildtype	(n=4/6	and	4/4	
for	the	FVL	and	FVIII	experiment	respectively)	and	experimental	mice	(heterozygous:	n=7/4	
and	 6	 for	 FVL	 and	 FVIII	 respectively;	 homozygous/hemizygous:	 n=3/4	 and	 7/5	 for	
FVL	and	FVIII	respectively)	were	injected	alternately	to	avoid	bias	of	possible	changes	in	in vivo	



29

Experimental melanoma metastasis in lungs of mice with congenital coagulation disorders

metastatic	potential	after	in	vitro	storage	at	4°C.	Animals	were	sacrificed	at	day	20	after	cancer	
cell	inoculation	and	lungs	were	harvested.	After	fixation	in	4%	neutral-buffered	formalin,	the	
surface	of	the	lungs	was	examined	macroscopically	for	the	presence	of	metastases.

Statistical analysis 
Statistical	analysis	was	conducted	using	GraphPad	Prism	version	4.03.	Data	are	expressed	as	

mean	+/-	SE.	Comparison	between	two	groups	was	analyzed	using	Student	t-tests.	Throughout	
the	work	significance	was	assumed	when	p<0.05.

Results

Tumor load in FVIII deficient mice
To	determine	the	metastatic	effect	of	a	genetic	predisposition	to	bleeding,	we	compared	

the	number	of	lung	metastasis	in	hemizygous	and	homozygous	FVIII	deficient	mice	and	their	
heterozygous	and	wildtype	littermates.	Twenty	days	after	cancer	cell	inoculation,	tumors	were	
macroscopically	 visible	 on	 the	 lungs	 of	 all	 animals.	 As	 shown	 in	 figure	 1A,	 tumor	 load	 was	
dependent	on	the	FVIII	genotype.	Tumor	load	decreased	from	215	±	42	in	wildtype	mice	to	
170	 ±	 30	 in	 heterozygous	 FVIII	 deficient	 mice	 to	 86	 ±	 41	 in	 hemizygous	 deficient	 males	 or	
homozygous	deficient	females.	As	shown	in	figure	1B,	the	size	of	the	tumors	is	rather	variable,	
but	does	not	differ	dependent	on	the	genotype	of	the	mice.	On	average	about	1.3%	of	tumors	
was	larger	than	1	mm	in	diameter	in	mice	of	all	genotypes	(0.8%	±	0.7%	for	deficient	mice,	1.8%	
±	1.2%	for	heterozygous	and	1.3%	±	0.6%	for	wildtype	littermates).

Figure 1: Effect	of	an	anticoagulant	genotype	on	the	number	of	B16F10	pulmonary	foci	in	transgenic	Bl/6	mice. 
Murine	B16F10	cells	(3.105)	cells	were	injected	intravenously	into	the	lateral	tail	vein	of	FVIII	deficient	mice	(hemi-
zygous/homozygous	and	heterozygous)	and	wildtype	littermates.	After	20	days,	tumor	foci	on	harvested	lungs	
were	counted	(A)	and	scored	as	large	(>	1	mm	in	diameter)	or	small	(<	1	mm	in	diameter)	tumor	(B).	Representa-
tive	lungs	of	all	genotype	groups	are	shown	(A)
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Tumor load in FVL mice
To	determine	the	influence	of	a	prothrombotic	phenotype	on	cancer	cell	metastasis,	we	

compared	the	number	of	lung	metastasis	in	homozygous	FVL,	heterozygous	FVL	and	wildtype	
littermates.	Twenty	days	after	cancer	cell	inoculation,	tumors	were	macroscopically	visible	on	
the	lungs	of	all	animals.	As	shown	in	figure	2A,	the	tumor	burden	increased	from	13	±	4.8	in	
wildtype	mice	via	31	±	10	in	heterozygous	FVL	mice	to	77	±	7	in	homozygous	FVL	mice.	Similar	
to	what	was	observed	for	the	FVIII	deficient	mice,	the	size	of	the	tumors	was	rather	variable	but	
was	not	dependent	on	the	FVL	genotype.	On	average	about	7.6%	of	tumors	was	larger	than	1	
mm	in	diameter	in	mice	of	all	genotypes	(7.8%	±	3.6%	for	homozygous	FVL	mice,	8.1%	±	4.1%	
for	heterozygous	and	6.9%	±	2.8%	for	wildtype	littermates).

Discussion

Based	on	the	notion	that	activation	of	 the	coagulation	cascade	plays	a	detrimental	 role	
in	cancer	outcome,	several	studies	explored	the	beneficial	effect	of	anticoagulant	therapy	in	
patients	with	cancer.	From	a	clinical	viewpoint,	the	first	report	on	a	possible	beneficial	effect	
of	anticoagulants	in	cancer	progression	dealt	with	vitamin	K	antagonists	(VKA)	in	the	1960’s.	
However,	a	systematic	literature	review	showed	that	there	is	not	enough	evidence	to	support	
long-term	 therapy	 with	 VKA	 for	 prolonging	 survival	 in	 cancer	 patients	 [31].	 More	 recent	
prospective,	randomized,	placebo	controlled,	clinical	trials	show	that	LMWH	treatment	prolongs	
survival	of	cancer	patients	[17,	18].	In	support	of	the	results	from	the	clinical	trials,	experimental	
animal	 models	 have	 shown	 that	 blood	 coagulation	 factors	 might	 affect	 cancer	 outcome.	
For	 instance,	 a	 minute	 concentration	 of	 thrombin	 (not	 reducing	 platelet	 count)	 enhanced	

Figure 2: Effect	of	a	procoagulant	genotype	on	the	number	of	B16F10	pulmonary	foci	in	transgenic	Bl/6	mice.	
Murine	B16F10	cells	(3.105)	cells	were	injected	intravenously	into	the	lateral	tail	vein	FVL	mice	(homozygous	and	
heterozygous)	and	wildtype	littermates.	After	20	days,	tumor	foci	on	harvested	lungs	were	counted	(A)	and	sco-
red	as	large	(>	1mm	in	diameter)	or	small	(<	1	mm	in	diameter)	tumor	(B).	Representative	lungs	of	all	genotype	
groups	are	shown	(A).
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metastasis	 [6],	 whereas	 thrombin-treated	 tumor	 cells	 undergo	 enhanced	 experimental	
pulmonary	metastasis	[21].	The	importance	of	endogenously	generated	thrombin	for	tumor	
metastasis	was	established	by	employing	the	highly	potent	and	specific	inhibitor	of	thrombin,	
hirudin.	 Hirudin	 given	 at	 various	 dosing	 regimens	 before	 tumor	 inoculation	 dramatically	
reduced	pulmonary	metastasis	[7,	32].

From	 the	 above,	 it	 seems	 evident	 that	 interventions	 targeting	 the	 blood	 coagulation	
cascade	inhibit	cancer	cell	metastasis	[7,	15,	17-18].	Most	inhibitors	used	in	these	intervention	
studies	do,	however,	not	only	prevent	thrombin/fibrin	formation,	but	have	also	coagulation-
independent	 alternative	 modes	 of	 action.	 For	 instance,	 LMWHs,	 the	 anticoagulants	 used	 in	
clinical	 studies	 [17-18],	 not	 only	 inhibit	 FXa,	 but	 also	 inhibit	 the	 action	 of	 selectins,	 cancer	
cell	heparanase	activity,	and	VEGF-mediated	angiogenesis	(for	a	review	of	the	anti-coagulant	
properties	of	LMWH	see	Niers	et	al	[15]).	In	order	to	further	understand	the	mechanism	of	the	
anti-metastatic	and	life-prolonging	effects	of	anticoagulants,	we	studied	metastasis	of	murine	
melanoma	cells	to	the	lung	in	murine	models	of	hypercoagulability	(FVL)	and	bleeding	(FVIII	
deficiency).

In	this	study,	we	show	that	mice	carrying	the	FVL-mutation	are	indeed	more	susceptible	
to	cancer	cell	metastasis	after	the	 injection	of	melanoma	cells	 into	the	tail	vein.	 In	contrast,	
FVIII-deficient	mice	are	protected	against	cancer	cell	metastasis	compared	to	their	wildtype	
littermates.	These	studies	thus	suggest	that	a	genetic	predisposition	to	thrombosis	facilitates	
tumor	metastasis,	whereas	a	bleeding	tendency	impedes	metastasis.

Our	data	with	respect	to	the	protective	effect	of	FVIII	deficiency	on	cancer	cell	metastasis	
are	in	agreement	with	previous	findings	in	a	similar	animal	model	[33].	Substitution	therapy	of	
FVIII	into	hemophilic	mice	induced	the	formation	of	lung	metastasis.	Unfortunately,	however,	
no	 direct	 comparison	 between	 wildtype	 and	 FVIII	 deficient	 animals	 could	 be	 made	 due	 to	
a	 different	 genetic	 background	 of	 the	 hemophilic	 mice	 compared	 to	 the	 wildtype	 controls.	
Consequently,	 no	 comparison	 between	 the	 heterozygous	 carriers	 and	 their	 homozygous	
or	 wildtype	 littermates	 was	 performed	 in	 that	 particular	 study.	 In	 addition,	 no	 large-scale	
epidemiological	 data	 are	 available	 regarding	 the	 risk	 of	 tumor	 metastasis	 in	 hemophiliacs.	
Based	on	a	small	study	including	61	patients	with	a	bleeding	diathesis,	it	has	been	suggested	
that	the	primary	site	of	cancer	in	individuals	suffering	from	hemophilia	is	similar	to	that	in	an	
age	and	sex	matched	population	[34].	Although	this	survey	would	argue	against	an	important	
role	of	a	bleeding	phenotype	in	inhibiting	cancer	cell	metastasis,	one	should	realize	that	the	
interpretation	 of	 such	 surveys	 is	 compromised	 by	 the	 fact	 that	 hemophilia	 patients	 have	 a	
lower	life	expectancy	due	to	hepatitis	and	HIV.

Our	data	concerning	the	deleterious	effect	of	the	FVL	mutation	on	cancer	cell	metastasis	
are	in	apparent	contradiction	with	a	previous	study	in	which	the	FVL	mutation	had	no	effect	on	
metastasis	of	colon	cancer	cells	to	the	liver	[35].	However,	the	fact	that	anticoagulant	treatment	
also	did	not	reduce	tumor	metastasis	in	that	particular	model	(Niers	et	al,	personal	observations)	
suggests	that	metastasis	of	these	colon	cancer	cells	is	independent	of	the	activation	status	of	
the	blood	coagulation	cascade.		
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In	contrast	to	hemophilia,	some	(small)	epidemiological	studies	investigated	the	relationship	
between	the	FVL	mutation	and	tumor	development.	However,	only	a	single	case	control	study	
in	which	74	patients	with	colorectal	cancer	and	192	controls	were	included	has	been	performed	
[36].	Four	of	the	cancer	patients	(5.4%)	and	7	controls	(3.6%)	were	heterozygous	for	the	FVL	
mutation	(p>0.5)	indicating	that	the	FVL	allele	is	as	frequent	in	patients	with	colorectal	cancer	
as	it	is	in	colonoscopically	selected	controls.	Two	other	studies	determined	the	prevalence	of	
the	FVL	allele	in	a	selected	group	of	cancer	patients	and	compared	the	allelic	frequency	with	
the	frequency	in	the	general	population.	The	prevalence	of	FV	Leiden	(5.4%	[37]	and	6.9%	[38])	
in	 the	cancer	patients	did	not	significantly	differ	 from	the	normal	population.	Overall	 these	
epidemiological	studies	do	not	provide	evidence	that	the	FVL	allele	might	be	a	risk	factor	for	
cancer	cell	metastasis.	However,	the	fact	that	not	all	tumors	exploit	the	coagulation	cascade	
to	metastasize	(for	instance	evident	from	the	fact	that	the	FVL	allele	does	not	seem	to	have	an	
effect	on	experimental	colon	cancer	metastasis	[35])	implies	that	future	case	control	studies	
including	patients	with	cancers	of	other	etiologic	causes	are	needed	to	delineate	the	clinical	
relevance	of	the	FVL	mutation	in	tumor	metastasis.	

Several	 issues	 should	 be	 kept	 in	 mind	 when	 interpreting	 our	 data.	 First,	 the	 number	 of	
pulmonary	 foci	 differs	 significantly	 between	 the	 FVL	 and	 the	 FVIII	 experiment.	 	We	 do	 not	
have	a	definitive	explanation	for	these	differences	but	it	 is	probably	due	to	the	condition	of	
the	B16	cells	prior	to	their	 injection	 into	the	tail	vein.	This	assumption	 is	based	on	previous	
experiments	which	show	that	the	number	of	pulmonary	foci	 in	control	animals	differs	from	
experiment	 to	 experiment	 (whereas	 the	 actual	 treatment	 effect	 is	 similar	 between	 the	
experiments).	 For	 the	 experiments	 described	 here,	 the	 genetic	 background	 of	 the	 animals	
might	 also	 have	 had	 some	 influence	 as	 the	 FVL	 mice	 are	 backcrossed	 to	 wildtype	 C57Bl/6	
for	three	more	generations	compared	to	the	FVIII	mice.	Second,	the	fact	that	we	show	that	a	
congenital	susceptibility	to	either	bleeding	or	thrombosis	modifies	the	metastatic	capacity	of	
cancer	cells	in	the	bloodstream	does	not	automatically	imply	that	LMWH	treatment	is	solely	
beneficial	 in	 cancer	 patients	 by	 its	 anticoagulant	 activity.	 Several	 studies	 show	 that	 LMWH	
might	also	limit	metastasis	by,	for	instance,	modifying	selectin-mediated	interactions	between	
cancer	cells,	platelets	and	the	endothelium	[39].	Indeed,	heparin	efficiently	inhibits	P-	and	L-
selectin-mediated	interactions	with	cancer	cells	in	various	in vitro and	in vivo	experiments	[40-
41].	Moreover,	heparin	dramatically	 improved	survival	 in	an	experimental	metastasis	model	
mainly	 due	 to	 inhibition	 of	 P-	 and	 L-selectin	 [42].	Thus,	 overall	 a	 picture	 emerges	 in	 which	
LMWH	treatment	limits	metastasis	by	a	combination	of	anticoagulant	and	several	coagulation-
independent	activities.

In	summary,	our	study	shows	that	mice	with	a	FVL	mutation	and	a	consequent	prothrombotic	
phenotype	 are	 prone	 to	 the	 development	 of	 metastasis,	 whereas	 hemophilic	 mice	 seem	
to	 be	 protected	 against	 cancer	 cell	 metastasis.	 These	 data	 emphasize	 the	 role	 congenital	
coagulation	disorders	may	play	in	some	forms	of	hematogeneous	cancer	cell	metastasis.	The	
actual	relevance	of	these	observations	in	the	general	population	remains	to	be	established	by	
large	epidemiological	studies	focusing	on	hemophiliacs	and/or	FVL	carriers.
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A	 critical	 role	 for	 coagulation	 factors	 in	 cancer	 biology	 has	 been	 suspected	 for	 years,	
and	 recently	 it	 became	 evident	 that	 anticoagulant	 treatment	 of	 end-stage	 cancer	 patients	
with	 LMWH	 may	 significantly	 improve	 survival	 [1-2].	 In	 agreement	 with	 this	 observation,	
anticoagulant	treatment	inhibits	metastasis	in	experimental	animal	models	[3-4]	whereas	the	
intravenous	 injection	of	minute	concentrations	of	 thrombin	enhances	murine	experimental	
pulmonary	metastasis	[5].	Although	the	mechanism	by	which	the	coagulation	system	affects	
metastasis	 is	 not	 completely	 understood,	 current	 evidence	 suggests	 that	 the	 coagulation	
cascade	interacts	with	metastasis	by	two	alternative	mechanisms.	First,	fibrin	clots	produced	
by	blood	coagulation	may	provide	protection	for	cancer	cells	to	help	these	escape	from	the	
immune	 system	 [6-10].	 Second,	 individual	 activated	 coagulation	 factors	 may	 modify	 the	
survival	of	circulating	cancer	cells	by	inducing	intracellular	signal	transduction	[11-13].	

Common	to	both	mechanisms	is	that	coagulation	factors	need	to	be	activated,	probably	
through	 initiation	 of	 the	 extrinsic	 pathway	 of	 coagulation.	The	 key	 component	 involved	 is	
tissue	factor	(TF),	which	is	a	membrane	bound	glycoprotein	that	on	exposure	to	blood	(and	via	
formation	of	an	enzymatic	complex	with	factor	VIIa	(FVIIa))	activates	coagulation,	leading	to	
thrombin	activation	and	fibrin	deposition	[14-16].	In	addition,	however,	TF	induces	intracellular	
signal	transduction	pathways	involved	in	cancer	progression	either	by	its	cytoplasmic	domain	
or	by	TF/FVIIa-dependent	proteolytic	cleavage	of	protease	activated	receptor	(PAR)-2	[12].	

FVII	 levels	are	under	normal	circumstances	not	rate	limiting	in	haemostasis.	However,	as	
cancer	 cells	 express	 large	 amounts	 of	TF	 one	 could	 speculate	 that	 FVII	 might	 become	 rate	
limiting	in	malignancy	and	that	endogenous	FVIIa	would	contribute	to	a	coagulant	phenotype	
thereby	 promoting	 metastasis.	 In	 agreement	 with	 this	 notion,	 ectopic	 synthesis	 of	 FVII	 by	
cancer	cells	promotes	cell	migration	and	invasion	by	complex	formation	with	TF	[17].	Based	on	
these	intriguing	findings,	we	hypothesized	that	high	exogenous	FVIIa	levels	promote	cancer	
progression.	To	test	this	hypothesis,	mice	were	treated	with	recombinant	FVIIa	(rFVIIa;	10	mg/
kg;	NovoSeven,	Novo	Nordisk,	Denmark),	a	dose	known	to	normalize	bleeding	time	and	blood	
loss	in	FVIII-deficient	mice	[18],	prior	to	subjecting	them	to	an	experimental	murine	pulmonary	
metastasis	model	[19].	As	shown	in	figure	1A,	the	injection	of	1.105	murine	TF	expressing	B16F0	
melanoma	cells	(American	Type	Culture	Collection,	Manassas,	Virginia	U.S.A.)	[20]	into	the	tail	
vein	of	C57Bl/6J	mice	resulted	in	a	substantial	number	of	tumor	foci	in	the	lungs	after	14	days.	
However,	pretreatment	with	rFVIIa	did	not	affect	the	number	of	metastases,	suggesting	that	
FVIIa	levels	are	not	rate-limiting	in	TF-dependent	metastasis.		

To	 exclude	 experimental	 and/or	 technical	 problems	 as	 an	 explanation	 for	 lack	 of	 tumor	
promoting	activity	of	rFVIIa,	we	verified	our	pulmonary	metastasis	model.	To	this	end,	we	first	
confirmed	that	our	model	is	indeed	TF	dependent	by	treating	mice	with	active	site-inhibited	
FVIIa	 (2.5	 mg/kg;	 FVIIai;	 Novo	 Nordisk,	 Denmark).	 As	 shown	 in	 figure	 1B,	 the	 competitive	
inhibition	of	FVIIa	by	FVIIai	reduced	the	number	of	tumor	foci	significantly	(p=0.03)	indicating	
that	TF/FVIIa	 complex	 formation	 is	 an	 important	 determinant	 of	 the	 number	 of	 pulmonary	
metastases	in	this	model.	In	addition,	inhibiting	downstream	thrombin	formation	by	hirudin	
(10	 mg/kg)	 (almost)	 completely	 abrogated	 the	 formation	 of	 pulmonary	 metastasis	 (fig	 1B)	
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as	 shown	 before	 [9]	 thereby	 further	 confirming	 the	 validity	 of	 our	 experimental	 model.	 A	
limitation	to	this	study	is	that	the	pulmonary	metastasis	model,	although	well	accepted	and	
extensively	used	in	the	past	[9,19,20],	is	a	surrogate	for	hematogeneous	metastasis	and	future	
experiments	in	alternative	models	should	validate	our	findings.

Overall	our	data	show	that	a	FVIIa	bolus	injection	has	no	effect	on	pulmonary	metastasis	of	
melanoma	cells	in	mice	and	suggests	that	increased	FVIIa	levels	do	not	play	an	important	role	
in	tumor	progression,	indicating	that	FVIIa	is	not	rate-limiting.	As	rFVIIa	is	nowadays	a	serious	
treatment	option	of	patients	suffering	from	serious	bleeding	complications,	such	as	hemophilia	
[21-23],	intracerebral	hemorrhage	[24],	obstetrical	and	gynaecological	haemorrhage	[25],	and	
thrombocytopenia	[26],	long-term	follow-up	studies	of	patients	treated	with	rFVIIa	might	give	
more	definitive	answers.

Figure 1: Effect	of	rFVIIa	(A),	FVIIai	and	hirudin	(B)	on	pulmonary	metastasis	in	C57Bl/6	mice.	B16F0	cells	(1-3.105)	
were	injected	intravenously	into	the	lateral	tail	vein.	Thirty	minutes	before	administration	of	the	melanoma	cells,	
mice	were	 injected	with	a	single	 intraveneous	bolus	of	10	mg/kg	rFVIIa	 (Novoseven,	Novo	Nordisk,	Norway),	
2.5	mg/kg	FVIIai	or	10	mg/kg	PEG-hirudin	(subcutaneously).	Shown	is	the	number	of	pulmonary	foci	after	14	
days	(n=8,	mean+/-SEM).	p=0.9	for	rFVIIa	versus	control,	p=0.03	for	FVIIai	versus	control	and	p=0.001	for	hirudin	
versus	control.
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Abstract 

Both	animal	and	clinical	studies	show	that	components	of	the	blood	coagulation	system	
contribute	 to	 metastasis	 of	 cancer.	 Various	 anti-thrombotic	 agents	 targeting	 different	
coagulation	 factors	 diminish	 lung	 metastasis	 in	 pre-clinical	 models.	 Interestingly,	 specific	
thrombin	inhibitors,	such	as	hirudin,	inhibit	metastasis	most	efficiently.	However,	hirudin	has	
a	narrow	therapeutic	window	compromising	its	safety.	Consequently,	novel	direct	thrombin	
inhibitors	 are	 being	 developed.	 One	 of	 these	 novel	 thrombin	 inhibitors	 is	 the	 orally-active	
reversible	inhibitor	ximelagatran.	We	aimed	to	assess	the	antimetastatic	activity	of	long	term	
treatment	with	ximelagatran	and	hirudin	in	a	mouse	pulmonary	melanoma	metastasis	model.	
ximelagatran	was	administered	via	food	pellets	and	hirudin	was	administered	subcutaneously	
and	the	treatment	groups	were	compared	to	controls.	After	7	days	of	treatment,	B16	melanoma	
cells	were	injected	into	the	tail	vein.	Twenty-one	days	after	cancer	cell	inoculation,	mice	were	
sacrificed	and	lung	metastases	were	counted.	Surprisingly,	ximelagatran	and	hirudin	treatment	
both	increased	the	number	of	lung	metastases	significantly	compared	to	the	control	group.	It	is	
concluded	that	long-term	thrombin	inhibition	is	detrimental	in	a	murine	model	of	pulmonary	
metastasis	 and	 increases	 the	 number	 of	 pulmonary	 tumor	 foci.	 Therefore,	 antithrombotic	
therapy	 may	 promote	 tumor	 metastasis	 suggesting	 that	 anticoagulant	 treatment	 of	 cancer	
patients	should	be	pursued	with	great	care.
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 Introduction

Accumulating	evidence	suggests	that	coagulation	activation	is	not	just	an	epiphenomenon	
in	cancer	but	also	contributes	to	cancer	progression.	Tissue	factor	(TF),	often	highly	expressed	
on	cancer	cells,	 is	the	key	factor	in	cancer-induced	coagulation	resulting	in	the	formation	of	
thrombin	 and	 subsequently	 fibrin	 deposits.	 Preclinical	 studies	 demonstrated	 antimetastatic	
effects	of	blood	coagulation	 inhibitors	 such	as	 low	molecular	weight	heparins	 (LMWH)	and	
hirudin	 [1,	 2]	 and	 several	 clinical	 studies	 suggested	 a	 survival	 benefit	 in	 cancer	 patients	
treated	with	LMWH	[3-9].	The	precise	mechanisms	by	which	LMWH	and	hirudin	affect	cancer	
progression	are	still	unclear.

Various	components	of	the	coagulation	system,	such	as	TF	[10],	 factor	Xa	[11],	thrombin	
[12],	 and	 fibrinogen	 [13]	 are	 likely	 involved	 in	 cancer	 progression.	These	 cancer-promoting	
activities	are	 induced	by	blood	coagulation-dependent	as	well	as	coagulation-independent	
mechanisms,	 like	 the	 induction	 and	 activation	 of	 selectins	 and	 integrins	 on	 platelets	 and	
endothelial	 cells	 and	 activation	 of	 protease-activated	 receptors	 (PARs)	 on	 platelets,	 cancer	
cells,	and	endothelial	cells	[9,	14-18].	

In	animal	tumor	models,	thrombin	has	several	functions	during	the	initial	phases	of	cancer	
cell	dissemination.	Thrombin	stimulates	the	formation	of	fibrin-rich	platelet	tumor	emboli	that	
shield	cancer	cells	from	cytotoxic	elimination	by	immune	cells.	In	addition,	thrombin	is	involved	
in	the	binding	of	cancer	cell	complexes	to	the	blood	vessel	wall	[19,20],	and	may	contribute	to	
disruption	of	the	endothelial	barrier	to	facilitate	cancer	cell	extravasation	[21].	

Hirudin,	a	direct	thrombin	inhibitor,	inhibits	the	metastasis-promoting	effects	of	thrombin	
in	animal	models	[12,	22].	Hirudin	administration	just	before	intravenous	cancer	cell	inoculation	
resulted	 in	 a	 dramatically	 reduced	 number	 of	 lung	 metastases.	 An	 important	 aspect	 of	 this	
model	 is	 that	 hirudin	 was	 administered	 just	 before	 cancer	 cell	 inoculation,	 suggesting	 that	
thrombin	is	directly	involved	in	the	intravascular	phase	of	metastasis.	With	indirect	thrombin	
inhibitors,	i.e.	LMWHs,	comparable	effects	have	been	observed	[23-25].	

On	the	other	hand,	in	a	secondary	metastasis	model,	where	cancer	cells	were	inoculated	
subcutaneously	 leading	 to	 spontaneous	 visceral	 metastasis	 several	 days	 later,	 hirudin	
administration	for	several	days	during	primary	tumor	growth	not	only	inhibited	the	formation	
of	secondary	lung	metastases	but	also	inhibited	primary	tumor	growth	[12].	These	data	suggest	
that	the	tumor-promoting	activity	of	thrombin	is	not	limited	to	the	process	of	metastasis	but	
also	facilitates	the	growth	of	primary	tumors.	The	angiogenesis	and	tumor	growth	stimulating	
effects	of	thrombin,	as	demonstrated	in	several	studies,	are	in	line	with	these	observations.	

In	the	clinical	setting,	various	anti-coagulants,	including	heparin	and	vitamin	K	antagonists,	
have	 been	 used	 for	 the	 prevention	 and	 treatment	 of	 thrombotic	 disorders.	 Hirudin	 is	 the	
most	potent	non-covalent	 inhibitor	of	thrombin	[26].	Because	of	 its	specificity,	hirudin	does	
not	inhibit	other	enzymes	in	the	coagulation	or	fibrinolytic	pathways.	However,	hirudin	has	a	
rather	narrow	therapeutic	window	[27].	Consequently,	novel	direct	thrombin	inhibitors	with	
a	 broader	 therapeutic	 spectrum	 have	 been	 developed.	 One	 of	 these	 novel	 direct	 thrombin	
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inhibitors	 was	 the	 orally-active	 reversible	 inhibitor,	 ximelagatran	 [28-30].	 Ximelagatran	 also	
affects	fibrin-bound	thrombin	[27].	

In	the	present	study,	we	investigated	the	effects	of	the	thrombin	inhibitor	ximelagatran	
in	 a	 murine	 pulmonary	 metastasis	 model	 and	 compared	 the	 effects	 with	 those	 of	 hirudin.	
Ximelagatran	 was	 administered	 orally	 during	 7	 days	 before	 intravenous	 cancer	 cell	
inoculation.	To	validate	the	model	and	to	allow	for	a	comparison	with	the	well	known	effects	
on	pulmonary	metastasis,	we	treated	mice	also	with	various	heparin	analogues,	including	the	
LMWH	(nadroparin)	a	synthetic	pentasaccharide	(Fondaparinux)	and	the	non-anti-coagulant	
heparin	(N-succ	100	LMWH).	

Material and Methods 

Tumor model and cultures
Murine	B16F10	melanoma	cells	were	obtained	from	the	American	Type	Culture	Collection	

(ATCC;	Manassas,	VA).	Cells	were	grown	in	Dulbecco	Modified	Eagle	medium	(DMEM;	Lonza,	
Verviers,	 Belgium)	 supplemented	 with	 10%	 fetal	 calf	 serum	 (Sigma-Aldrich,	 St	 Louis,	 MO),	
1%	 penicillin-streptomycin	 solution	 and	 L-glutamine	 at	 37	 ºC.	 Cells	 were	 harvested	 at	
subconfluence	 using	 0.02%	 ethylenediaminetetraacetic	 (EDTA)	 and	 washed	 in	 phosphate-
buffered	saline	(PBS)	prior	to	counting	and	inoculation.	

Anticoagulants 
Different	types	of	anticoagulants	were	used:	LMWH	(nadroparin,	MW	5000	Da,	FraxiparinR;	

Sanofi-Synthelabo,	 Berlin,	 Germany);	 100%	 N-succinylated	 LMWH	 (chemically-modified	
heparin	with	reduced	anticoagulant	activity;	MW	4070	Da,	Succ	100-LMWH;	ITF	1164;	kindly	
supplied	 by	 Italfarmaco	 (Milano,	 Italy));	 PEG-hirudin	 (MW	 7000	 Da;	 Abbott,	 Ludwigshafen,	
Germany);	 pentasaccharide	 (MW	 1728	 Da,	 Arixtra	 R;	 fondaparinux,	 Sanofi-Synthelabo);	
ximelagatran	 (MW	 430	 Da;	 AstraZeneca,	 Mölndal,	 Sweden).	 The	 various	 compounds	 were	
injected	 subcutaneously	 except	 for	 ximelagatran	 which	 was	 administered	 orally	 via	 food	
pellets.

Lung colonization assay and methods of drug administration
Male	severe	combined	immunodeficiency	(SCID)	mice,	2	months	old,	were	used	(average	

body	 weight	 25	 gram,	 11-13	 mice	 per	 group).	 Single	 cell	 suspensions	 were	 prepared	 from	
0.02%	EDTA-treated	monolayers	of	B16F10	melanoma	cells	which	were	washed	and	diluted	in	
PBS.	Cancer	cells	(3.105	cells	per	animal)	in	200	μl	PBS	were	injected	into	the	lateral	tail	vein	of	
the	mice.	In	the	final	experiment,	1.5.105	cancer	cells	were	inoculated	because	metastasis	was	
strongly	increased	after	ximelagatran	treatment	as	was	observed	in	the	previous	experiment.	
In	all	experiments,	different	forms	of	anticoagulants	(dissolved	in	200	μl	PBS	or	in	food	pellets)	
were	administered	before	cancer	cell	inoculation	with	or	without	subsequent	follow-up	doses.	
After	21	days,	mice	were	euthanized	and	metastatic	foci	were	counted.	
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In	 the	 first	 experiment,	 ximelagatran	 was	 applied.	 One	 group	 of	 mice	 (n=11)	 received	
ximelagatran	 orally	 at	 a	 dose	 of	 250	 μmol/kg	 during	 7	 days	 until	 24	 hours	 before	 cancer	
cell	 inoculation.	 The	 control	 group	 received	 control	 food	 pellets	 during	 7	 days,	 lacking	
anticoagulants	in	the	food.

In	the	second	experiment,	the	first	group	of	mice	(n=11)	was	treated	subcutaneous	with	
15	IU	nadroparin	in	200	μl	PBS	at	30	min	before	cancer	cell	inoculation,	followed	by	repeated	
subcutaneously	administration	every	4	hr	during	24	hrs.	The	second	group	of	mice	(n=11)	
received	N-Succ	100-LMWH,	administered	subcutaneously	in	a	single	dose	of	10	mg/kg	at	10	
min	before	cancer	cell	inoculation.	In	a	third	group	(n=11),	Fondaparinux	was	administered	
subcutaneously	 as	 a	 single	 dose	 of	 10	 mg/kg	 in	 200	 μl	 PBS	 at	 10	 min	 before	 cancer	 cell	
inoculation.	 In	 the	 fourth	 group	 (n=11),	 hirudin	 was	 administered	 subcutaneously	 as	 a	
single	 dose	 of	 10	 mg/kg	 in	 200	 μl	 PBS	 at	 10	 min	 before	 cancer	 cell	 inoculation.	 A	 control	
group	 (n=13)	 received	 200	 μl	 PBS	 subcutaneously	 injected	 10	 min	 before	 the	 cancer	 cell	
inoculation.	

In	 the	 third	 experiment,	 the	 first	 group	 of	 mice	 (n=11)	 received	 a	 single	 dose	
subcutaneously	of	10	mg/kg	hirudin,	at	10	min	before	cancer	cell	 inoculation.	The	second	
group	 (n=11)	 was	 treated	 daily	 with	 1	 mg/kg	 hirudin	 subcutaneously	 for	 7	 days	 until	 24	
hours	 before	 cancer	 cell	 inoculation.	The	 third	 group	 (n=11)	 received	 ximelagatran	 orally	
for	7	days	as	described	in	the	first	experiment.	The	fourth	group	(n=13)	was	not	treated	and	
served	as	controls.	Group	2-4	were	injected	with	200	μl	PBS	10	minutes	before	cancer	cell	
inoculation,	whereas	group	1,	3	and	4	received	200	μl	PBS	daily	for	7	days.	

Statistical analysis 
Statistical	analysis	was	conducted	using	GraphPad	Prism	version	4.03.	Data	are	expressed	

as	mean	+/-	SE.	Comparisons	between	two	groups	were	analyzed	using	the	Student	t-test.	
Significance	was	assumed	when	p<0.05.	

Results

To	 determine	 the	 anti-metastatic	 properties	 of	 ximelagatran,	 we	 compared	 the	 number	
of	 lung	 metastases	 of	 mice	 fed	 ad	 libitum	 with	 normal	 food	 pellets	 or	 pellets	 containing	
ximelagatran.	As	shown	in	Figure	1,	ximelagatran	treatment	more	than	doubled	the	number	
of	tumor	foci	compared	to	the	control	group.

Because	of	the	unexpected	increase	in	the	number	of	lung	metastases	with	ximelagatran,	we	
performed	additional	experiments.	To	this	end,	mice	were	treated	with	several	anticoagulants	
that	have	previously	shown	to	inhibit	tumor	metastasis	in	a	similar	experimental	B16F10	lung	
model	[25,	31].	As	shown	in	Figure	2A,	a	single	dose	of	nadroparin	or	the	non-anticoagulant	
succ	 100-LMWH,	 at	 30	 min	 before	 cancer	 cell	 inoculation,	 both	 significantly	 reduced	 the	
number	of	pulmonary	metastases.
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Figure 1:	 Effect	 of	 treatment	 with	 ximelagatran	 on	 the	 number	 of	 B16F10	 pulmonary	 tumors	 in	 SCID	 mice.	
B16F10	melanoma	cells	(3.105)	were	injected	intravenously	into	the	lateral	tail	vein	of	SCID	mice.	Ximelagatran	
was	given	orally	 in	 food	pellets	during	7	days	 (250	μmol/kg)	until	24	h	before	cancer	cell	 inoculation	(n=11).	
Controls	received	control	food	pellets	before	cancer	cell	inoculation	(n=13).

Figure 2:		Effect	of	treatment	with	different	types	of	anticoagulants	or	chemically-modified	anticoagulants	on	the	
number	of	B16F10	pulmonary	tumors	in	SCID	mice.	B16F10	melanoma	cells	(3.105)	were	injected	intravenously	
into	the	lateral	tail	vein	of	SCID	mice.	(A)	Nadroparin,	15	IU	every	4	h	during	24	h	(first	dose	30	min	before	cancer	
cell	inoculation;	n=11)	and	a	single	dose	of	Succ-100-LMWH	(10	mg/kg)	was	administered	10	min	before	cancer	
cell	inoculation	(n=11).	(B)	Pentasaccharide	and	PEG-hirudin	(10	mg/kg)	were	administered	10	min	before	cancer	
cell	inoculation	in	a	single	dose	(n=11).	Controls	received	200	μl	PBS	before	cancer	cell	inoculation	(n=13).
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Next,	 mice	 were	 injected	 with	 a	 single	 dose	 of	 hirudin,	 10	 min	 before	 cancer	 cell	
inoculation.	As	shown	in	Figure	2B,	hirudin	treatment	almost	eliminated	the	number	of	cancer	
metastases	(p=0.01).	To	further	confirm	the	validity	of	the	model,	mice	were	treated	with	the	
pentasaccharide,	Fondaparinux,	as	this	FXa	inhibitor	has	previously	been	shown	not	to	affect	
metastasis	 of	 B16	 melanoma	 cells.	 Indeed,	 pentasaccharide	 treatment	 did	 not	 modify	 the	
number	of	lung	metastases	(Figure	2B).	

The	observed	adverse	effect	of	ximelagatran	may	be	a	specific	aspect	of	this	compound.	
Alternatively,	the	increased	number	of	metastases	may	be	due	to	the	long-term	pre-treatment.	
To	discriminate	between	these	potential	explanations,	we	compared	ximelagatran	treatment	
(orally	for	7	days)	with	hirudin	either	injected	for	7	consecutive	days	or	as	a	single	dose	just	
prior	 to	 cancer	 cell	 inoculation	 (Figure	 3).	 As	 expected,	 hirudin	 given	 in	 a	 single	 dose	 just	
before	cancer	inoculation	completely	prevented	cancer	cell	metastasis.	However,	7	days	pre-
treatment	with	hirudin	resulted	in	increased	pulmonary	metastasis	(Figure	3).	Seven	days	pre-
treatment	with	ximelagatran	caused	again	an	increased	number	of	metastases	(Figure	3).	The	
stimulatory	effect	of	ximelagatran	on	metastasis	was	stronger	than	that	of	hirudin.	

Figure 3:	 	Effect	of	treatment	with	thrombin	 inhibitors	on	the	number	of	B16F10	pulmonary	tumors	 in	SCID	
mice.	B16F10	melanoma	cells	(1.5.105)	cells	were	injected	intravenously	into	the	lateral	tail	vein	of	SCID	mice.	A	
single	dose	of	PEG-hirudin	(10	mg/kg)	was	given	subcutaneously	10	min	before	cancer	cell	inoculation	(n=11),	
PEG-hirudin	 (1	 mg/kg)	 was	 given	 every	 day	 during	 7	 days	 subcutaneously	 before	 cancer	 cell	 administration	
(n=11),	ximelagatran	was	given	orally	during	7	days	 (250	μmol/kg)	up	 to	24	h	before	cancer	cell	 inoculation	
(n=13),	and	controls	received	200	μl	PBS	before	cancer	cell	inoculation	(n=13).	Note	that	the	number	of	B16F10	
melanoma	cells	that	was	given	had	been	halved.
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Discussion

We	 assessed	 the	 antimetastatic	 effects	 of	 the	 direct	 thrombin	 inhibitor,	 ximelagatran,	 in	
comparison	to	hirudin	[27].	The	most	 important	but	unexpected	finding	was	that	7	days	pre-
treatment	with	ximelagatran	resulted	in	a	strong	increase	in	the	number	of	pulmonary	metastasis.	
Increased	metastasis	does	not	seem	to	be	an	intrinsic	effect	of	ximelagatran	but	rather	an	effect	
of	 long-term	 anti-coagulant	 treatment	 prior	 to	 cancer	 cell	 inoculation,	 since	 a	 similar	 dosing	
regime	with	hirudin	caused	an	increase	in	the	number	of	pulmonary	metastases	as	well.	

There	are	several	possible	explanations	for	the	metastasis	promoting	effects	of	ximelagatran	
and	hirudin.	First,	technical/experimental	problems	with	our	animal	model	may	be	the	cause.	
However,	hirudin	(one	dose	just	before	cancer	cell	inoculation),	nadroparin,	succ-100-LMWH,	and	
fondaparinux,	all	produce	similar	effects	on	metastasis	as	described	before	[25,	31].	Therefore,	we	
can	exclude	this	possibility.	

Second,	 the	 metastasis-promoting	 effects	 of	 ximelagatran	 and	 hirudin	 may	 be	 schedule-
dependent.	 This	 seems	 at	 least	 a	 partial	 explanation	 as	 is	 shown	 by	 the	 opposite	 effect	 on	
pulmonary	metastasis	by	a	single	dose	of	hirudin	just	before	intravenous	cancer	cell	inoculation	
compared	 to	 multiple	 doses	 of	 hirudin	 during	 7	 days.	 These	 findings	 suggest	 that	 for	 an	
antimetastatic	 effect,	 thrombin	 inhibitors	 must	 be	 active	 during	 the	 circulating,	 intravascular	
phase,	of	cancer	cell	 spread.	The	prometastatic	effect	of	 thrombin	 inhibitors	 -	if	administered	
for	 several	 days	 before	 cancer	 cell	 inoculation	-	 indicates	 an	 effect	 on	 the	 integrity	 of	 the	
endothelial	 barrier	 and	 thereby	 promote	 cancer	 cell	 extravasation.	This	 hypothesis	 seems	 to	
be	in	contradiction	with	studies	that	demonstrated	that	thrombin	can	disrupt	the	endothelial	
barrier	via	protease-activated	receptor	(PAR)-1	signaling	on	endothelial	cells.	However,	a	recent	
study	[21]	demonstrated	that	the	effect	of	thrombin	on	endothelium	is	thrombin	concentration	
dependent.	 A	 high	 concentration	 of	 thrombin	 disrupts	 the	 barrier	 integrity	 through	 PAR-1	
activation,	 whereas	 a	 low	 thrombin	 concentration	 can	 induce	 barrier-protective	 signaling	
through	the	same	receptor.	Further	proof	for	the	hypothesis	that	long-term	thrombin	inhibition	
compromises	endothelial	barrier	function	comes	from	studies	showing	that	activated	protein	C	
(APC)	is	barrier	protective	[32].	As	activation	of	the	anti-coagulant	protein	C	pathway	is	triggered	
by	 thrombin,	 inhibition	 of	 thrombin	 also	 suppresses	 APC	 formation	 and	 consequently	 the	
endothelium	is	no	longer	protected	by	the	APC	pathway	and	therefore	possible	more	vulnerable	
for	metastasis.	

Irrespective	of	the	actual	mechanism	by	which	long-term	thrombin	inhibition	increased	the	
number	of	lung	metastasis,	it	is	intriguing	to	speculate	about	the	clinical	consequences.	Overall,	
our	data	showed	that	thrombin	inhibitors	should	be	used	with	restraint	in	patients	with	cancer.	
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Abstract 

Clinical	trials	have	shown	life-prolonging	effects	of	low-molecular-weight	heparins	(LMWHs)	
in	a	wide	variety	of	cancer	patients.	From	animal	studies	it	is	known	that	the	development	of	
metastasis	is	dependent	on	the	activation	status	of	the	blood	coagulation	cascade	and	that	
metastasis	 can	 be	 inhibited	 by	 anticoagulants.	 However,	 hypercoagulability	 due	 to	 a	 FVL	
disorder	did	not	increase	metastasis	of	colon	cancer	cells	in	the	liver.	This	raises	the	question	
whether	 colon	 cancer	 cells	 are	 dependent	 on	 the	 coagulation	 cascade	 to	 metastasize	 and	
whether	anticoagulants	inhibit	colon	cancer	metastasis.

We	investigated	the	effects	of	LMWH	on	the	development	of	metastasis	in	a	mouse	colon	
carcinoma	model.

Mice	received	LMWH	intraperitoneally	by	a	micro-osmotic	pump	or	were	sham	operated	in	
an	experimentally	induced	colon	cancer	metastasis	model	to	generate	long	term	therapeutic	
plasma	levels	of	LMWH.	Simultaneously,	mice	received	MCA-38	syngeneic	colon	cancer	cells	
in	the	portal	vein.	After	21	days,	the	mice	were	sacrificed	and	the	livers	were	evaluated	for	the	
amount,	size	and	morphology	of	the	tumors.

LMWH	anticoagulant	activity	as	measured	by	anti-Xa	plasma	levels	at	9	days	after	cancer	cell	
injection	was	in	the	therapeutic	range	with	average	levels	of	0.35	IU	anti-Xa/ml.	No	difference	
in	liver	weight,	number	and	size	of	metastases	were	found	between	LMWH-treated	mice	and	
controls.	Differences	in	fibrin/fibrinogen	content	were	not	found	between	tumors	of	treated	
mice	and	tumors	of	controls.

Conclusion: LMWH	does	not	affect	colon	cancer	metastasis	in	mouse	liver.	
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Introduction

Cancer	patients	often	suffer	from	venous	thromboembolic	complications	[1-3].	Consequently,	
cancer	patients	are	often	treated	with	anticoagulants	including	low-molecular-weight	heparins	
(LMWHs).	Meta-analysis	of	the	literature	indicated	that	treatment	with	heparins	affects	survival	
of	cancer	patients	[4,	5].	Cancer	patients	with	venous	thromboembolism	(VTE)	that	had	been	
treated	 with	 LMWH	 showed	 improved	 survival	 over	 cancer	 patients	 with	 VTE	 treated	 with	
unfractionated	heparin	[6].	Prospective	randomized	clinical	trials	showed	life-prolonging	effects	
of	LMWHs	in	cancer	patients	with	and	without	thrombotic	complications	[7-9].	

Various	 animal	 studies	 documented	 an	 inhibitory	 effect	 of	 anticoagulants	 on	 cancer	 cell	
metastasis	[5,10,11].	Most	studies	investigated	the	effect	of	heparins	on	lung	metastasis	induced	
by	B16	melanoma	cancer	cell	administration	into	the	tail	vein	[10,	12-15].	Several	studies	showed	
that	different	components	of	the	coagulation	system,	such	as	tissue	factor	(TF)	[16],	factor	Xa	
[17],	 thrombin	 [18]	 and	 fibrinogen	 [19]	 can	 contribute	 to	 tumor	 progression	 by	 promoting	
metastasis,	whereas	the	TF	pathway	inhibitor	(TFPI)	inhibits	metastatic	tumor	growth	in	mice	
[20].	All	these	results	imply	that	coagulation	facilitates	metastasis	and	imply	potential	beneficial	
effects	of	anticoagulants	in	the	prevention	or	treatment	of	cancer.	Indeed,	a	pulmonary	mouse	
model	of	hypercoagulability,	based	on	the	factor	V	Leiden	(FVL)	mutation,	facilitates	metastasis	
[21].	 In	 contrast,	 a	 disorder	 of	 the	 FVIII	 gene	 -mice	 suffering	 from	 haemophilia-	 showed	 a	
protective	effect	on	cancer	cell	metastasis	[21].	All	these	data	suggest	that	the	development	of	
metastasis	is	dependent	on	the	activation	status	of	the	blood	coagulation	cascade.

However,	the	latter	findings	are	in	contrast	with	the	findings	of	Klerk	et	al	[22],	who	showed	
that	in	a	colon	carcinoma	model	-where	hypercoagulability	was	also	induced	by	a	FVL	mutation-	
no	effect	on	tumor	development	was	evident.	FVL	mice	and	control	mice	appeared	to	develop	
colon	cancer	metastasis	in	the	liver	to	a	similar	extent,	suggesting	that	this	type	of	metastasis	is	
not	dependent	on	the	activation	status	of	the	blood	coagulation	cascade.	Consequently,	anti-
coagulants	might	not	be	effective	in	the	treatment	of	colon	cancer.

In	order	to	explore	whether	long	term	therapeutic	levels	of	LMWH	affect	the	development	
of	 colon	 cancer	 metastasis,	 we	 investigated	 the	 effect	 of	 LMWH	 administration	 using	 an	
intraperitoneally	implanted	micro-osmotic	pump	on	the	development	of	liver	metastasis.	We	
compared	liver	weight,	number	and	size	of	macroscopically-visible	tumor	nodules	on	the	liver	
surface,	 and	 fibrin/fibrinogen	 content	 of	 the	 tumors	 of	 LMWH-treated	 and	 sham	 operated	
mice.

Methods

Animals 
Twenty	C57	black/6	mice	(Charles	Rivers,	Someren,	The	Netherlands)	with	body	weight	

of	22-26	g	were	kept	under	constant	environmental	conditions	with	a	12	h	dark/12	h	light	
cycle	and	free	access	to	food	and	water.	Animals	had	been	kept	under	these	conditions	for	at	
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least	two	weeks	before	the	start	of	experiments	to	acclimatize.	All	animal	experiments	were	
in	agreement	with	the	Animal	Ethic	Committees	of	the	Academic	Medical	Center,	University	
of	Amsterdam.

Tumor model
For	the	model	of	colon	cancer	metastasis	in	mouse	liver,	cells	of	an	established	syngeneic	

mouse	colon	carcinoma	cell	line,	MCA-38	(kindly	provided	by	Dr.	E.	Nelson,	National	Cancer	
Institute,	 Frederick	 MD,	 USA),	 were	 cultured,	 harvested	 and	 single	 cell	 suspensions	 were	
prepared	for	inoculation	[23].	Each	group	consisted	of	10	mice.	Mice	were	randomly	assigned	
to	have	a	mini-osmotic	pump	implanted	or	were	sham	operated.	The	animal	model	that	was	
used	has	previously	been	described	by	Griffini	and	colleagues	[24].

Briefly,	 a	 small	 midline	 incision	 was	 made	 in	 the	 abdominal	 wall	 of	 the	 mice	 under	
anaesthesia	with	FFM	mix	(1	ml	Hypnorm,	1	ml	Midazolam	and	2	ml	water,	0.07	ml/10	g	body	
weight,	intraperitoneally	administrated).	A	suspension	containing	3.6x105	cells	in	100	µl	PBS	
was	 injected	 into	 the	 portal	 vein	 with	 a	 30-gauge	 needle.	 In	 order	 to	 prevent	 peritoneal	
seeding,	the	portal	vein	was	closed	by	applying	pressure	with	a	piece	of	spongostan	(Medical	
Workshop,	Groningen,	The	Netherlands)	until	bleeding	had	stopped.	In	mice	allocated	to	the	
LMWH	treatment	group,	the	osmotic	pump	was	inserted	into	the	abdomen.	The	abdomen	
was	closed	using	stitches	(Perma-hand	woven	non-absorbable	sutures	5/0;	Ethicon,	Johnson	
&	Johnson,	NY,	USA).	The	pumps	released	2.4	IU	anti-Xa/h	LMWH	for	at	least	14	days.	Mice	
were	sacrificed	at	21	days	after	cancer	cell	inoculation	and	livers	were	harvested.	

Measurement of anti-Xa plasma levels
LMWH	 plasma	 levels	 cannot	 be	 determined	 directly.	 To	 have	 an	 indication	 of	 LMWH	

plasma	 levels	 after	 treatment,	 we	 applied	 an	 indirect	 method	 by	 measuring	 inhibition	 of	
factor	Xa	 (anti-Xa)	activity	 [25].	Mouse	blood	samples	were	collected	 in	citrate-containing	
syringes,	 centrifuged	 (15	 min,	 250	 g,	 4°C)	 and	 plasma	 was	 stored	 at	 –80°C	 until	 analysis.	
Anti-Xa	activity	was	measured	using	the	Coamatic	heparin	kit	(Chromogenix,	Milano,	Italy)	
according	to	the	instructions	of	the	manufacturer.	For	calibration,	LMWH	in	normal	mouse	
plasma	was	used.

Tissue preparation
After	 the	 animals	 were	 sacrificed	 at	 day	 21,	 livers	 were	 removed	 immediately	 and	 the	

surfaces	of	the	liver	lobes	were	macroscopically	examined	for	the	presence	of	tumors.	The	
size	of	all	tumor	nodules	present	was	measured.	The	livers	were	weighed	and	subsequently	
frozen	in	aluminium	boxes	in	liquid	nitrogen	and	stored	at	–80°C.	Serial	cryostat	sections	(6	
µm	thick)	were	cut	and	stored	at	-20oC	until	further	use.

Staining procedures
In	vitro	experiments	have	shown	that	LMWH	has	distinct	effects	on	fibrin	matrix	formation	
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resulting	in	reduced	angiogenesis	by	human	microvascular	endothelial	cells	[26].	Therefore,	
we	have	analyzed	in	particular	the	composition	of	the	extracellular	matrix	and	the	amount	
of	blood	vessels	in	tumors.

Since	fibrin	is	the	end	product	of	the	coagulation	cascade	and	since	LMWH	has	anticoagulant	
properties,	we	hypothesized	that	there	would	be	 less	fibrin	deposition	 in	tumors	of	LMWH-
treated	 mice	 as	 compared	 with	 controls.	 In	 order	 to	 test	 this	 hypothesis,	 we	 performed	
staining	 of	 liver	 sections	 with	 an	 antibody	 against	 murine	 fibrinogen	 that	 cross-reacts	 with	
fibrin.	Since	 it	 is	possible	that	both	fibrin	and	fibrinogen	was	deposited	postmortem	within	
the	intratumoral	vessels	due	to	stasis	of	the	blood	in	these	vessels	after	death,	staining	in	serial	
sections	 was	 compared	 with	 that	 of	 blood	 vessels	 as	 detected	 with	 endoglin	 staining	 and	
alkaline	phosphatase	activity	staining.

To	determine	whether	vascularization	of	the	tumors	was	affected	by	treatment,	we	stained	
sections	of	livers	of	treated	and	untreated	mice	with	an	antibody	against	CD105	(endoglin).	
Endoglin	 is	 involved	 in	 blood	 vessel	 development	 and	 represents	 a	 powerful	 marker	 of	
neovascularization	[27].	It	has	been	shown	to	be	expressed	by	peritumoral	and	intratumoral	
blood	vessels	in	a	variety	of	human	cancer	types,	and	to	be	only	rarely	expressed	by	neoplastic	
cells	[28].	Alkaline	phosphatase	activity	can	also	be	used	to	detect	endothelial	cells	in	normal	
tissue	and	in	some	types	of	tumors	[29].	

Histology
Cryostat	 sections	 were	 air-dried	 for	 10	 min	 at	 room	 temp	 and	 stained	 for	 general	

morphological	analysis	using	Giemsa	or	for	specific	analysis	of	the	extracellular	matrix	using	
Shoobridge	staining	[30,31].	After	rinsing	in	distilled	water,	sections	were	air-dried	overnight	
and	mounted	in	Euparal	(Chroma,	Stuttgart,	Germany).

Immunohistochemical staining
Cryostat	sections	were	air-dried	for	10	min	at	room	temp.	Sections	were	fixed	in	4%	(v/v)	

formaldehyde	in	distilled	water	for	20	min	and	rinsed	in	PBS	3	times	afterwards.	Successively,	
endogenous	peroxidase	was	inhibited	by	incubating	sections	in	0.3%	(v/v)	H2O2	and	0.1%	(w/
v)	NaN3	in	distilled	water	for	20	min	at	room	temp.	After	rinsing	in	PBS	3	times,	sections	were	
incubated	in	PBS	supplemented	with	10%	(v/v)	normal	rabbit	serum	(Dako,	Glostrup,	Denmark)	
for	15	min	at	room	temp	as	a	blocking	step.	This	incubation	step	and	all	following	incubation	
steps	with	antibodies	were	performed	in	a	humidified	chamber.	A	goat	monoclonal	antibody	
against	mouse	fibrinogen	that	cross-reacts	with	fibrin	(Accurate,	Westbury	NY,	USA)	and	a	rat	
monoclonal	antibody	against	mouse	CD105	(clone	M,	7/18;	BD	Biosciences,	Ezembodegem,	
Belgium)	 were	 used	 as	 primary	 antibodies.	 The	 antibodies	 were	 diluted	 1:500	 and	 1:10,	
respectively,	 in	 PBS	 in	 the	 presence	 of	 1%	 bovine	 serum	 albumin.	 Sections	 were	 incubated	
for	1	h	at	room	temp.	After	rinsing	in	PBS	3	times,	the	second	antibody,	for	fibrinogen,	rabbit	
anti-goat	immunoglobin	coupled	to	horseradish	peroxidase	(Dako)	diluted	1:100	in	PBS	and	
for	 CD105,	 rabbit	 anti	 rat	 immunoglobin	 coupled	 to	 horseradish	 peroxidase	 (Dako)	 diluted	
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1:200	in	PBS	and	in	combination	with	0.2	%	(w/v)	bovine	serum	albumine	and	5%	(v/v)	normal	
mouse	serum	(Dako),	was	applied	and	sections	were	incubated	for	1	h	at	room	temp.	Binding	
of	 secondary	 antibodies	 was	 visualized	 using	 a	 solution	 of	 10	 mM	 diaminobenzidin	 (Fluka,	
Buchs,	Switzerland),	10	mM	NaN3,	and	4%	(v/v)	H2O2	in	50	mM	Tris-HCl	buffer,	pH	7.6,	for	10	
min	at	room	temp.	Control	incubations	were	performed	in	the	absence	of	the	primary	antibody	
in	the	incubation	medium.	Subsequently,	sections	were	rinsed	3	times	in	distilled	water	and	
counterstained	with	haematoxylin	(‘Z’	stain;	Cellpath,	Newton	Powys,	UK)	for	5	sec.	After	10	
min	of	rinsing	in	tab	water,	sections	were	mounted	in	glycerin-gelatin.	

Alkaline phosphatase activity
Alkaline	phosphatase	activity	was	localized	as	described	by	Van	Noorden	and	Jonges	[32].	

Sections	of	livers	of	treated	and	untreated	mice	were	stained	for	1h	at	37°C.	This	(extended)	
incubation	period	was	selected,	since	pilot	experiments	had	shown	that	it	enabled	visualization	
of	smaller	vessels	as	well,	without	the	occurrence	of	non-specific	staining.	Control	incubations	
were	 performed	 in	 the	 absence	 of	 substrate	 (5-bromo-4-chloro-3-indolyl-phosphate).	 After	
incubation	 sections	 were	 rinsed	 with	 hot	 tap	 water	 (60°C)	 to	 rapidly	 remove	 all	 incubation	
medium,	and	mounted	in	glycerin-gelatin.

Statistical analysis
For	data	that	had	a	normal	distribution	in	2	groups	of	mice,	a	Student’s	t-test	was	performed	

to	 compare	 the	 2	 groups	 statistically.	 When	 data	 were	 not	 normally	 distributed,	 a	 non-
parametric	Mann-Whitney	test	was	performed.	Values	of	p<0.05	were	considered	to	indicate	
significant	differences.

Results

Anti-Xa activity in plasma
The	therapeutic	range	of	plasma	levels	of	heparins	in	humans	is	>0.3	IU	anti-Xa/ml	for	peak	

levels	and	>0.1	IU	anti-Xa/ml	for	trough	levels.	We	tried	to	simulate	these	levels	in	our	animal	
model	by	varying	treatment	regimens	and	measurement	of	anti-Xa	plasma	levels	in	mice.	In	
humans,	 it	 is	sufficient	to	administer	LMWH	subcutaneously	once	daily	but	this	was	not	the	
case	 in	 mice	 (data	 not	 shown).	 Mice	 that	 received	 a	 mini-osmotic	 pump	 containing	 LMWH	
which	released	2.4	IU	anti-Xa/h	showed	a	median	plasma	level	of	0.28	IU	anti-Xa/ml	on	day	9	
after	surgery	and	pump	implantation	(range,	0.01-1.0	IU	anti-Xa/ml).	Control	animals	and	the	
animals	in	the	treatment	group	on	day	0	had	plasma	levels	of	0.00	IU	anti-Xa/ml	(range,	0.00-
0.07	IU	anti-Xa/ml).	No	bleeding	complications	were	observed	throughout	the	experiments.	

Tumor load 
Liver	metastases	of	MCA-38	colon	cancer	cells	were	not	affected	in	their	development	by	

permanent	 infusion	 of	 LMWH	 via	 mini-osmotic	 pumps.	 Liver	 weight	 was	 2.0	 ±	 0.7	 g	 versus	
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Table 1. Data	of	mice	treated	with	LMWH	using	an	intraperitoneally-implanted	micro-osmotic	pump	and	
control	mice.

Measurement LMWH-treated	(n=10) Controls	(n=10) P-value

Basal	anti-Xa	level	IU/mL	
-median	(range)

0.00	(0.00-0.07) 0.00	(0.00-0.04) 0.68

Anti-Xa	level	at	day	9	IU/mL	
-median	(range)

0.28	(0.01-1.0) 0.03	(0.01-0.16) 0.03

Liver	weight	at	end	of	experiment	g
-mean	+/-	SD

2.0	+/-	0.7 1.8	+/-0.8 0.60

Number	of	metastasis	at	liver	surface	no.	
-mean	+/-	SD

49	+/-34 48	+/-	43 0.94

Percentage	of	tumor	of	1	mm	or	smaller	%	
-mean	+/-SD

53	+/-	18 68	+/-	26 0.25

Figure 1.	Serial	cryostat	sections	of	colon	cancer	metastases	in	livers	of	mice	treated	with	LMWH	released	by	a	mini-	
osmotic	pump	at	a	rate	of	2.4	IU	anti-Xa/h.	a-c,	Tumor	poor	in	vessels;	d-f,	tumor	rich	in	vessels	as	demonstrated	by	
staining	of	endothelial	alkaline	phosphatase	activity	(a,	d),	immunohistochemical	detection	of	the	endothelial	marker	
endoglin	(b,	e),	and	immunohistochemical	localization	of	fibrinogen/fibrin	(c,	f).	Bars	=	100	µm.	(For color figure see page 
193)
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1.8	±	0.8	g	in	LMWH-treated	mice	and	control	mice,	respectively.	Numbers	of	tumors	on	the	
surface	of	the	livers	were	49	±	34	and	48	±	43	for	each	group	respectively.	The	percentage	of	
small	tumors	was	not	significantly	different	between	the	groups	(53	±	18%	versus	68	±	26%,	
respectively)	(Table	1).

Morphology and vessel density in tumors 
Staining	for	endoglin	and	alkaline	phosphatase	activity	both	showed	endothelial	lining	in	

tumors	and	liver	parenchyma	(Figure	1).	Tumors	and	regions	within	tumors	varied	greatly	in	
vascular	density,	even	within	one	animal.	This	was	not	very	different	 in	LMWH-treated	mice	
and	control	mice.	

Fibrinogen/fibrin	staining	was	found	in	the	cytoplasm	of	hepatocytes	and	cancer	cells	in	
all	 mice,	 irrespective	 treatment	 (Figure	 1).	 Extracellularly,	 fibrin/fibrinogen	 was	 found	 partly	
colocalized	with	endoglin	and	alkaline	phosphatase	activity	(Figure	1	d-f )	but	also	in	stroma	
that	 did	 not	 contain	 vessels	 (Figure	 1	 a-c).	These	 localization	 patterns	 were	 not	 different	 in	
LMWH-treated	animals	and	control	animals.	

Discussion

LMWH	has	significant	life-prolonging	effects	in	cancer	patients	[4,	6].	Double-blind	placebo-
controlled	randomized	studies	have	shown	this	effect	[7-9,	33].	These	effects	of	LMWH	in	cancer	
patients	may	have	a	great	impact	in	oncology.	Not	many,	if	any,	FDA-approved	drugs	have	shown	
such	effects	in	cancer	patients,	whereas	side	effects	are	limited	[9].	Therefore,	it	is	important	
to	 optimize	 treatment	 of	 cancer	 patients	 with	 LMWH	 and/or	 possibly	 other	 anticoagulants	
and	maximize	their	effects.	Animal	models	are	needed	to	mimic	the	clinically-found	effects	of	
LMWH	in	cancer	patients	for	the	elucidation	of	molecular	mechanisms.	Effects	were	studied	
in	 clinical	 trials	 that	 included	 a	 wide	 variety	 of	 tumor	 types	 [7-9].	 Because	 previous	 studies	
showed	 that	 hypercoaguability	 due	 to	 FVL	 enhanced	 melanoma	 metastasis	 in	 mouse	 lung	
but	had	no	effect	on	colon	cancer	metastasis	in	mouse	liver	[22],	we	hypothesized	that	colon	
cancer	growth/metastasis	is	not	dependent	on	the	activation	status	of	the	blood	coagulation	
cascade.	Therefore,	the	aim	of	the	present	study	was	to	investigate	whether	development	of	
colon	cancer	metastasis	is	susceptible	to	treatment	with	anticoagulants.	

This	 study	 showed	 that	 MCA-38	 colon	 cancer	 cells	 -metastasizing	 to	 the	 liver	 after	
inoculation	in	the	portal	vein-	were	not	affected	by	anticoagulants.	There	was	no	difference	
in	 liver	weight,	number,	and	size	of	metastases	between	the	treated	mice	and	the	controls,	
indicating	 that	 anticoagulants	 do	 not	 have	 an	 antimetastatic	 effect	 on	 colon	 cancer	 in	 this	
animal	model.

These	 data	 are	 in	 agreement	 with	 data	 described	 by	 Smorenburg	 et	 al	 using	 a	 CC531	
colon	 carcinoma	 rat	 model	 [34].	The	 number,	 size	 or	 morphology	 of	 tumors	 of	 rats	 treated	
with	LMWH	(once	or	twice	daily)	did	not	differ	significantly	from	the	control	group.	The	LMWH	
administration	 scheme	 may	 explain	 the	 lack	 of	 effect	 of	 LMWH	 in	 the	 latter	 study,	 because	
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LMWH	 treatment	 was	 started	 after	 cancer	 cell	 inoculation	 [34].	 In	 the	 B16	 melanoma	 lung	
metastasis	 model	 it	 became	 clear	 that	 anticoagulants	 have	 to	 be	 administered	 at	 the	 time	
of	cancer	cell	inoculation	[10].	Our	present	study	is	based	on	a	similar	start	of	the	treatment	
indicating	 that	 the	 lack	 of	 effect	 of	 LMWH	 on	 colon	 cancer	 metastasis	 is	 caused	 by	 other	
mechanisms.

In	agreement	with	the	findings	of	the	present	study,	Nagawa	et	al	did	not	find	significantly	
reduced	 numbers	 of	 metastases	 in	 a	 different	 experimental	 colon	 carcinoma	 model,	 by	
continuous	 administration	 of	 unfractionated	 heparin	 (UFH)	 started	 before	 cancer	 cell	
inoculation	[35].	Together	with	the	results	of	Klerk	et	al,	in	which	a	hypercoagulability	state	in	
FVL	mice	did	not	affect	metastasis	of	colon	cancer	in	the	liver,	our	present	data	indicate	that	
colon	cancer	metastasis	is	not	dependent	on	the	activation	of	the	blood	coagulation	cascade	
and	therefore	is	likely	not	susceptible	for	the	anticancer	effects	of	anticoagulants.	
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Abstract

Background: Cancer	metastasis	is	facilitated	by	blood	coagulation.	Anticoagulants,	such	as	
low	molecular	weight	heparins	(LMWHs)	and	hirudin,	a	specific	anti-thrombin	inhibitor,	reduce	
metastasis	mainly	by	inhibition	of	thrombin	formation	and	L-	and	P-selectin-mediated	cell-cell	
adhesion.	However,	exact	molecular	backgrounds	are	not	understood	especially	whether	the	
affects	are	dependent	on	the	cancer	cell	type	and	the	type	of	anticoagulant.

Objectives: The	 effect	 of	 LMWH	 on	 the	 development	 of	 K1735	 melanoma	 metastasis	 in	
mouse	 lungs	 was	 investigated.	 We	 also	 compared	 the	 antimetastatic	 effects	 of	 hirudin	 on	
K1735	and	B16	melanoma	metastasis	and	CT26	colon	cancer	metastasis	in	mouse	lung.

Methods/experimental design:	 Metastatic	 tumors	 were	 determined	 noninvasively	 each	
week	up	to	day	21	in	all	experiments	using	bioluminescence	imaging.	Effects	of	LMWH	and	
hirudin	on	metastasis	of	the	three	cell	lines	were	correlated	with	the	fibrin/fibrinogen	content	
in	the	tumors,	expression	of	tissue	factor	(TF),	protease	activated	receptor	(PAR)-1	and	-4	and	
CD24,	a	ligand	of	L-	and	P-selectins.

Results: LMWH	and	hirudin	did	not	have	effect	on	K1735	melanoma	metastasis	in	the	lungs.	
Hirudin	 inhibited	 metastasis	 of	 B16	 cells	 completely	 but	 did	 not	 affect	 metastasis	 of	 CT26	
cells.	TF	and	PAR-4	expression	was	similar	in	all	three	cell	lines.	PAR-1	and	CD24	were	hardly	
expressed	by	K1735,	whereas	CT26	cells	expressed	low	levels	and	B16	high	levels	of	PAR-1	and	
CD24.	Fibrin	content	of	the	tumors	was	not	affected	by	LMWH.

Conclusion: The	antimetastatic	effects	of	anticoagulants	are	dependent	on	the	cancer	cell	
type	rather	than	the	anticoagulant	type.	CD24	expression	on	cancer	cells	seems	required	and	
possibly	PAR-1	expression.	The	molecular	mechanisms	are	important	to	understand	the	life-
prolonging	effects	of	anticoagulants	in	cancer	patients.
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Introduction

One	of	the	most	frequent	haematological	complications	in	cancer	patients	is	a	disordered	
coagulation.	 Indeed,	the	association	between	cancer	and	venous	thromboembolic	events	is	
well	 recognized.	 Moreover,	 cancer	 cells	 can	 produce	 activators	 of	 the	 coagulation	 cascade.	
Therefore,	 potential	 beneficial	 effects	 of	 anticoagulants	 are	 investigated	 for	 prevention	 or	
treatment	of	cancer.	

Clinical	trials	evaluated	the	effects	of	low	molecular	weight	heparins	(LMWHs)	on	survival	
of	cancer	patients	without	thrombosis	[1-5].	Overall,	there	was	no	difference	in	survival,	but	
three	studies	[1,	3,	4]	defined	a	priori	a	subgroup	consisting	of	patients	with	a	relatively	good	
prognosis	at	enrolment.	Patients	 in	 this	defined	subgroup	had	a	significant	survival	benefit	
when	treated	with	LMWHs.	These	clinical	reports	are	supported	by	experimental	in	vitro	and	
in	vivo	studies	showing	that	spontaneous	and	induced	metastasis	is	significantly	inhibited	by	
anticoagulants	[6,	7].

However,	 mechanisms	 of	 the	 effects	 of	 anticoagulants	 on	 cancer	 progression	 and	
metastasis	 are	 still	 not	 exactly	 known.	 Animal	 studies	 showed	 that	 different	 components	
of	 the	 coagulation	 system,	 such	 as	 tissue	 factor	 (TF)	 [8],	 factor	 Xa	 [9],	 thrombin	 [10]	 and	
fibrinogen	[11]	can	contribute	to	tumor	progression	by	promoting	metastasis,	whereas	the	TF	
pathway	inhibitor	(TFPI)	inhibits	metastatic	tumor	growth	in	mice	[12].	Congenital	coagulation	
disorders	 (FV	 Leiden	 mutation,	 FVL)	 can	 promote	 hematogeneous	 tumor	 cell	 metastasis	 as	
well,	 in	 contrast	 to	 FVIII-deficient	 (haemophilic)	 mice	 who	 are	 protected	 against	 cancer	 cell	
metastasis,	indicating	a	role	for	the	coagulation	process	[13],	but	a	lack	of	effects	of	FVL	has	
been	observed	as	well	[14].

The	 antimetastatic	 properties	 of	 anticoagulants	 appears	 to	 be	 mediated	 by	 various	
mechanisms	 [7].	 In	 the	 present	 study,	 we	 focussed	 on	 inhibition	 of	 thrombin	 formation	
and	 platelet-cancer	 cell	 complex	 formation	 by	 anticoagulants.	 These	 processes	 are	 closely	
related.	Cancer	cells	often	express	TF	on	their	surface	which	can	trigger	thrombin	formation	
in	 combination	 with	 the	 procoagulation	 activity	 of	 platelets.	 Thrombin	 is	 the	 most	 potent	
activator	of	platelets	via	proteinase	activated	receptors	(PARs)	[15,16].	PAR	signalling	induces	
upregulation	of	adhesion	molecules	on	endothelial	cells	and	thus	binding	of	platelets	via	P-
selectin.	Cancer	cells	can	also	upregulate	P-selectin	expression	on	platelets	and	endothelial	
cells,	whereas	cancer	cells	can	express	P-selectin	ligands,	such	as	CD24	and	Sialyl	Lewis	x/a-	
on	their	plasma	membrane	[17].	Their	 interactions	result	 in	the	formation	of	platelet-cancer	
cell	complexes	that	favour	survival	of	cancer	cells	in	the	circulation	and	promote	metastasis	
[18-21]	 by	 protecting	 cancer	 cells	 against	 the	 immune	 system	 and	 mechanical	 stress	 [22].	
Anticoagulants,	 including	 LMWH	 and	 hirudin,	 prevent	 binding	 of	 platelets	 to	 cancer	 cells	
[21,23].	Furthermore,	thrombin	converts	fibrinogen	into	fibrin.	Fibrin	depositions	have	been	
found	 in	 and	 around	 various	 types	 of	 tumors,	 providing	 scaffolding	 for	 angiogenesis	 and	
possibly	protecting	cancer	cells	against	the	host	defence	as	well	[24].	
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In	the	present	study,	we	explore	underlying	mechanisms	of	the	effects	of	anticoagulants	on	
cancer	metastasis	by	analysing	the	effects	of	LMWH	and	hirudin	on	metastasis	of	three	different	
cancer	cell	lines	and	fibrin/fibrinogen	content	in	tumors.	We	also	investigated	whether	cancer	
cells	are	depending	on	thrombin	formation	or	the	formation	of	platelet-cancer	cell	complexes	
for	survival,	by	screening	the	various	cancer	cell	lines	for	the	capacity	to	form	thrombin	and	
expression	of	surface	proteins	involved	in	adhesion.

Materials and Methods

Animals  
For	all	experiments,	eight	weeks	old	Balb-/c	nude	mice	with	a	body	weight	of	20-27	g	were	

used	(Netherlands	Cancer	Institute,	Amsterdam,	The	Netherlands).	Animals	were	maintained	
under	 constant	 environmental	 conditions	 with	 free	 access	 to	 food	 and	 water.	 All	 animal	
experiments	were	performed	in	agreement	with	the	Animal	Ethics	Committee	of	the	National	
Cancer	Institute.

Cancer cell lines
Three	 mouse	 cancer	 cell	 lines	 expressing	 luciferase	 were	 used	 in	 experimental	 models	

of	metastasis	 in	mouse	 lungs.	The	K1735	mouse	melanoma	cell	 line	 (kindly	provided	by	Dr.	
I.J.	 Fidler,	 MD	 Anderson	 Cancer	 Institute,	 Houston,	 TX),	 the	 B16	 mouse	 melanoma	 cell	 line	
(American	Type	Culture	Collection,	Manassas,	VA	[25])	and	the	CT26	mouse	colon	carcinoma	cell	
line	(also	kindly	provided	by	Dr.	I.J.	Fidler)	were	used.	Preparation	of	cell	cultures,	transfection	
with	the	luciferase	gene	and	inoculation	of	the	cells	in	the	tail	vein	of	mice	have	been	described	
previously	[13,26,27].	

Lung colonization model
In	the	first	set	of	experiments,	fifteen	mice	were	administrated	3.105	K1735	cells	into	the	

tail	vein.	Ten	mice	received	600	anti-Xa	(aXa)	IU	of	the	LMWH,	nadroparin	(Sanofi-Synthelabo,	
Berlin,	Germany),	 intraperitoneally	per	kg	body	weight,	prior	 to	cancer	cell	 inoculation.	The	
other	mice	received	phosphate-buffered	saline	(PBS)	intraperitoneally	and	served	as	controls.	
Mice	were	sacrificed	at	21	days	after	cancer	cell	inoculation	and	lungs	were	harvested.	

In	 the	 second	 set	 of	 experiments,	 thirty	 mice	 received	 3.105	 K1735	 cells,	 twenty	 mice	
received	3.105	B16	cells	and	twenty	mice	received	3.105	CT26	cells	into	the	tail	vein.	Half	of	the	
mice	in	each	group	received	10	mg/kg	PEG-hirudin	(Abbott,	Knoll,	Ludwigshafen,	Germany)	
subcutaneously	 before	 cancer	 cell	 inoculation.	 The	 other	 half	 of	 the	 mice	 received	 PBS	
subcutaneously	before	cancer	cell	inoculation.	Mice	were	sacrificed	at	21	days	after	cancer	cell	
inoculation	and	lungs	were	harvested.	

Bioluminescence imaging
For	 all	 experiments,	cancer	 cell	 load	 in	 lungs	 was	 measured	 at	 day	 1,	 7,	 15	 and	 21	 after	
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administration	 of	 the	 cancer	 cells	 using	 noninvasive	 bioluminescence	 (BLI)	 as	 previous	
described	 [26,27].	 To	 generate	 BLI	 by	 luciferase,	 its	 substrate,	 luciferin	 (Xenogen,	 Alameda,	
CA)	 was	 given	 intraperitoneally	 to	 the	 mice	 (150	 mg/kg	 body	 weight).	 Luciferase	 converts	
luciferin	into	oxyluciferin	and	the	resulting	BLI	was	imaged	with	the	use	of	a	highly	sensitive	
cooled	charge-coupled	device	camera	in	a	lighttight	chamber	(IVIS	Imaging	System	100	series;	
Xenogen).	The	acquired	images	were	analyzed	with	the	software	program	Living	ImageR	2.11	
(Xenogen).	The	area	of	the	lungs	was	selected	as	region	of	interest	(ROI)	for	the	quantification	
of	BLI.	

TF activity
TF	activity	was	measured	of	the	three	cell	lines	to	test	their	ability	to	induce	coagulation	

using	a	standard	procoagulant	activity	assay	(also	known	as	the	one-stage	clotting	assay	or	
recalcification	 assay)	 [28].	 Cancer	 cells	 were	 suspended	 in	 PBS	 at	 a	 concentration	 of	 7.5·104	
cells/ml	and	75	µl	of	the	cell	suspensions	was	added	to	75	µl	mouse	plasma	(Sigma,	St.	Louis,	
MO)	and	incubated	at	37°C	for	2	min.	Then,	100	µl	of	a	25	mM	calcium	chloride	solution	was	
added	and	the	clotting	time	was	measured	using	a	KC-10	coagulometer	 (Amelung,	Lemgo,	
Germany).	

Histochemistry
Lungs	were	analyzed	microscopically	in	order	to	determine	whether	LMWH	altered	fibrin/

fibrinogen	 depositions	 in	 the	 tumors.	 Cryostat	 sections	 (6	 µm	 thick)	 were	 cut	 at	 a	 cabinet	
temperature	of	-25°C	using	a	motor-driven	cryostat	(Bright,	Huntingdon,	UK).	

Fibrin/fibrinogen staining
Cryostat	 sections	 were	 air	 dried	 for	 60	 min	 at	 room	 temp.	 Sections	 were	 fixed	 in	 4%	

(v/v)	 formaldehyde	 in	 distilled	 water	 for	 20	 min	 and	 rinsed	 3	 times	 in	 PBS	 afterwards.	
Then,	endogenous	peroxidase	was	inhibited	by	incubating	sections	in	0.3%	(v/v)	H2O2	and	
0.1%	 w/v)	 NaN3	 in	 distilled	 water	 for	 20	 min	 at	 room	 temp.	 After	 rinsing	 3	 times	 in	 PBS,	
sections	were	incubated	in	PBS	supplemented	with	10%	(v/v)	normal	rabbit	serum	(Dako,	
Glostrup,	Denmark)	for	15	min	at	room	temp	as	blocking	step.	This	incubation	step	and	all	
following	 incubation	 steps	 with	 antibodies	 were	 performed	 in	 a	 humidified	 chamber.	 A	
goat	monoclonal	antibody	against	mouse	fibrinogen	that	cross	reacts	with	fibrin	(Accurate	
Chemical	and	Scientific	Corp,	Westbury,	NY)	was	used	as	primary	antibody.	The	antibody	
was	 diluted	 1:500	 in	 PBS	 in	 the	 presence	 of	 1%	 bovine	 serum	 albumin.	 Sections	 were	
incubated	for	60	min	at	room	temp.	After	rinsing	3	times	in	PBS,	the	secondary	antibody,	
rabbit	anti-goat	immunoglobulin	coupled	to	horseradish	peroxidase	(Dako)	diluted	1:100	
in	PBS	in	combination	with	0.2%	(w/v)	bovine	serum	albumin	and	5%	(v/v)	normal	mouse	
serum	(Dako)	was	applied	and	sections	were	incubated	for	60	min	at	room	temp.	Binding	
of	secondary	antibodies	was	visualized	using	a	solution	of	10	mM	diaminobenzidine	(Fluka,	
Buchs,	Switzerland),	10	mM	NaN3	and	4%	(v/v)	H2O2	 in	50	mM	Tris-HCl	buffer,	pH	7.6,	 for	
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10	min	at	room	temp.	Control	incubations	were	performed	in	the	absence	of	the	primary	
antibody	 in	 the	 incubation	 medium.	 Subsequently,	 the	 sections	 were	 rinsed	 3	 times	 in	
distilled	water	and	counterstained	with	haematoxylin	 (‘Z’	stain;	Cellpath,	Newton	Powys,	
UK)	 for	 5	 sec.	 After	 10	 min	 of	 rinsing	 in	 tap	 water,	 sections	 were	 mounted	 in	 glycerin-
gelatin.

Flow cytometry 
Flow	cytometric	analysis	of	the	three	cancer	cell	lines	was	performed	to	determine	the	

presence	of	various	surface	proteins.	Cancer	cells	were	incubated	in	the	absence	of	serum	
during	24	h	before	flow	cytometric	analysis.	Cancer	cells	were	centrifuged	at	400	g	for	5	min.	
Cells	 were	 washed	 twice	 with	 flow-activated	 cell	 sorter	 (FACS)-buffer	 (PBS	 supplemented	
with	0.5%	bovine	serum	albumin,	0.01%	NaN3,	and	0.35	mM	EDTA)	and	finally	suspended	
in	 FACS	 buffer	 (4.106	 cells/ml).	 For	 each	 analysis,	 at	 least	 1.105	 cells	 were	 analyzed	 using	
a	 FACS	 Calibur	 flow	 cytometer	 (Becton	 Dickinson,	 Mountain	View,	 CA).	 Fc	 receptors	 were	
blocked	with	purified	anti-mouse	CD16/32	antibodies	 (dilution,	1:50;	Fcy	111/11	receptor;	
Pharmingen,	 BD	 Biosciences,	 Breda,	 The	 Netherlands).	 Staining	 was	 performed	 using	 rat	
anti-mouse	CD24	antibody	coupled	with	phycoerythrin	(PE)	(dilution,	1:50;	Pharmingen,	BD	
Biosciences),	goat	anti-mouse	PAR-4	antibody	(dilution,	1:50;	M-20	Santa	Cruz	Biotechnology,	
Heidelberg,	Germany)	and	rabbit	anti-mouse	PAR-1	(dilution,	1:50;	thrombin	R;	H-111	Santa	
Cruz	 Biotechnology).	 As	 secondary	 antibody	 anti-rabbit	 coupled	 with	 Alexa	 fluor	 488	
(dilution,	 1:150;	 Molecular	 Probes,	 Eugene,	 OR)	 was	 used	 to	 detect	 PAR-1	 expression	 and	
anti-goat	coupled	with	FITC	(dilution,	1:200,	Dako)	was	used	to	detect	PAR-4.	To	correct	for	
nonspecific	staining	all	analyses	were	also	conducted	with	cells	stained	with	the	appropriate	
isotype	 control	 antibodies.	 Cancer	 cells	 were	 identified	 by	 forward	 and	 sideangle	 light	
scatter	gating.	Data	are	presented	as	the	difference	between	mean	fluorescence	intensities	
of	specifically-stained	and	nonspecifically-stained	cells.

Statistical analysis
Results	are	presented	logarithmically	as	percentages	of	positive	cells	(mean	+/-	SEM).	BLI	

data	 were	 compared	 using	 the	 Mann	Whitney	 U-test	 (unpaired,	 non-normally	 distributed	
groups).	Values	were	given	as	median.	P	values	<0.05	were	considered	to	indicate	significant	
differences.	

Results 

Bioluminescence 
The	brightest	BLI	in	the	mice	was	found	in	the	ROI,	the	lungs.	BLI	was	measured	weekly.	

Figure	1	shows	the	exponential	increase	in	BLI	values	in	the	ROI	in	time.	Some	mice	showed	
BLI	in	the	tail	vein	at	the	site	of	cancer	cell	inoculation	(Figure	2)	and	BLI	was	also	found	in	
the	abdominal	area,	indicating	cancer	spread	to	abdominal	organs.	
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Figure 1:	Noninvasive	bioluminescence	imaging	of	an	individual	mouse	at	days	1,	7,	15	and	21	after	intravenous	
administration	of	B16	melanoma	cells.	The	BLI	signal	as	a	measure	of	cancer	cell	load	in	the	region	of	interest	
(ROI)	increased	from	below	the	detection	limit	(ND)	at	day	1	to	0.23.105,	2.6.105	and	110.105	photons/s	at	days	7,	
15	and	21,	respectively.	(For color figure see page 194)

Figure 2: Bioluminescence	as	visualized	noninvasively	in	an	individual	mouse	at	days	7	and	21	after	intravenous	
administration	 of	 luciferase-expressing	 B16	 melanoma	 cells	 into	 the	 tail	 vein.	The	 mouse	 shows	 biolumines-
cence	in	the	tail	indicating	the	presence	of	cells	at	the	site	of	cancer	cell	inoculation.	The	region	of	interest	(ROI)	
for	bioluminescence	measurements	is	given	in	red,	showing	a	cancer	cell	load	of	3.7.105	and	120.105	photons/s,	
at	days	7	and	21	respectively.	(For color figure see page 194)
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The effects of LMWH on K1735 melanoma metastasis
Bioluminescent	 K1735	 melanoma	 cells	 induced	 tumors	 in	 lungs	 of	 mice	 irrespective	

treatment.	A	bolus	of	LMWH	before	cancer	cell	inoculation	did	not	affect	the	growth	rate	of	
the	metastases	in	the	lungs.	This	is	confirmed	by	the	bioluminescence	values	of	all	mice	at	day	
21	after	cancer	cell	inoculation	(Figure	3).

The effect of hirudin on K1735 and -B16 melanoma and CT26 colon carcinoma metastasis
Hirudin	did	not	have	an	effect	on	the	formation	of	tumors	in	the	lungs	by	K1735	cells.	Mice	

that	were	given	B16	melanoma	cells	showed	a	strong	inhibition	of	the	exponential	increase	in	
cancer	cell	load	in	the	lungs	in	the	hirudin	group	as	compared	to	the	control	group	(Table	1).	
CT26	colon	carcinoma	metastasis	in	the	lungs	was	not	affected	by	hirudin	either.

Fibrin/fibrinogen content of tumors
Fibrin/fibrinogen	content	in	K1735	melanoma	tumors	was	similar	in	LMWH-treated	mice	

and	control	mice.

Figure 3: Bioluminescence	in	lungs	of	mice	at	day	21	after	K1735	melanoma	cell	inoculation	in	the	tail	vein.	No	
significant	difference	is	found	between	LMWH-treated	mice	and	control	mice	(bars	represent	median).

Table 1:	Bioluminescence	in	mice	at	day	21	after	B16,	K1735	and	CT26	cancer	cell	inoculation.	Bioluminescence	
values	are	given	as	photons/s	in	the	region	of	interest	(ROI)	(see	Figures	1	and	2)	(median,	interquartile	range)

Cell	line Hirudin	 No	Hirudin P-	value	

B16	 0	* 200.105	(0.73.105-270.105) 0.04

K1735	 700.105	(73.105-1500.105) 760.105	(190.105-930.105) 0.98

CT	26	 1.4.105	(1.2.105-1.8.105) 1.3.105	(0.76.104-2.5.105) 0.36

*	median
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Figure 4: Tissue	factor	(TF)	activity	in	cultured	cancer	cells.	TF	activity	was	determined	in	7.5.104	cells	and	expres-
sed	as	procoagulant	activity	(PCA)	in	sec	(mean	+/-	SEM).	PCA	is	inversely	related	to	TF	activity.

Figure 5:	FACS	analysis	of	 immunofluorescent	staining	of	PAR-1,	PAR-4	and	CD24	expression.	Fluorescence	is	
shown	on	the	X-axis	on	a	logarithmic	scale	and	percentage	positive	cells	on	the	Y-axis.	PAR-1	was	found	in	signi-
ficant	amounts	on	B16	and	CT26	cells	but	not	K1735	cells,	PAR-4	expression	was	not	found	in	any	of	the	three	cell	
lines.	CD24	was	expressed	on	a	large	part	of	the	B16	cells,	a	small	fraction	of	CT26	cells	and	not	on	K1735	cells.	
Grey	areas	represent	control	cells;	black	areas	represent	positive	cells.	
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TF activity
Procoagulant	TF	activity	of	the	three	cancer	cell	lines	was	not	significantly	different	(Figure	4).

CD24, PAR-1 and PAR-4 expression
K1735	cells	did	not	express	CD24,	PAR-1	and	PAR-4,	whereas	B16	cells	expressed	both	CD24	

and	PAR-1	but	not	PAR-4	(Figure	5).	CT26	cells	expressed	PAR-1	and	to	a	limited	extent	CD24,	
but	not	PAR-4.

Discussion

Double-blind	 placebo-controlled	 randomized	 studies	 have	 shown	 a	 significant	 life-
prolonging	effect	in	cancer	patients	treated	with	LMWH	[1-3,	5].	Therefore,	it	is	important	to	
optimize	treatment	of	cancer	patients	with	LMWH	and/or	possibly	other	anticoagulants	and	
maximize	these	effects.	Murine	models	of	experimental	metastasis	have	been	used	frequently	
to	investigate	the	effect	of	anti-haemostatic	agents	on	blood	borne	metastasis.	Although	such	
artificial	models	do	not	encompass	the	entire	metastatic	process,	they	remain	useful	for	‘proof-
of-concept’-experiments,	 focusing	 on	 the	 haematogenous	 phase	 of	 tumors	 dissemination.	
Several	studies	have	demonstrated	significant	efficacy	of	anticoagulants	[6,	7].	

In	this	study,	we	determined	the	effects	of	an	LMWH,	nadroparin,	on	the	development	of	
K1735	 melanoma	 metastasis	 in	 mouse	 lungs	 and	 of	 hirudin	 on	 the	 development	 of	 K1735,	
B16	melanoma	and	CT26	colon	cancer	metastasis	in	lungs.	In	contrast	to	previous	studies,	we	
did	not	observe	any	inhibitory	effect	of	LMWH	or	hirudin	on	metastasis	of	K1735	melanoma	
cells	and	fibrin/fibrinogen	content	 in	tumors.	Hirudin	-	a	strong	 inhibitor	of	 thrombin	-	was	
not	able	to	inhibit	metastasis	 in	this	model	and	in	the	CT26	colon	cancer	metastasis	model,	
whereas	the	inhibitory	effect	on	B16	metastasis	was	potent	as	has	been	demonstrated	before	
[10].	 The	 different	 antimetastatic	 effects	 of	 hirudin	 cannot	 be	 explained	 by	 differences	 in	
thrombin	or	fibrin	production	because	the	TF	activity	was	comparable	in	the	three	cancer	cell	
lines.	These	findings	indicate	that	different	mechanisms	of	metastasis	play	a	role,	rather	than	
of	the	coagulation	cascade.	

Thrombin	 binds	 PAR-1	 and	 mediates	 increased	 invasiveness	 and	 metastatic	 potential	 of	
cancer	cells	[29-31]	and	enhanced	cancer	cell	adhesion	to	platelets	[32-34],	endothelial	cells	
[35],	fibronectin	and	Von	Willibrand	factor	[10,	33].	Inhibition	of	thrombin	by	hirudin	may	turn	
off	the	PAR-1	signalling	resulting	in	decreased	metastasis.	Indeed,	metastasis	of	B16	melanoma	
cells	was	affected	by	hirudin	and	these	cells	expressed	PAR-1	on	their	surfaces	whereas	K1735	
melanoma	 cells	 did	 not.	 On	 other	 hand,	 the	 CT26	 cell	 line	 also	 expressed	 PAR-1	 whereas	
hirudin	did	not	affect	metastasis	of	this	cell	line.	Possibly,	both	K1735	and	CT26	cell	lines	may	
not	be	dependent	on	the	coagulation	cascade	to	metastasize	and	therefore,	are	not	affected	
by	hirudin.	

We	also	investigated	the	relevance	of	PAR-4	expression	for	metastasis	of	cancer	cells.	The	
role	of	PAR-4	in	cancer	is	not	known,	but	its	expression	was	upregulated	in	prostate	cancer	[36]	
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suggesting	that	PAR-4	is	involved	as	well.	However,	none	of	the	three	cell	lines	that	we	tested	
expressed	PAR-4,	 indicating	that	the	antimetastatic	effects	of	hirudin	are	not	depending	on	
this	receptor	either.

Finally,	 the	difference	 in	the	effects	of	hirudin	on	metastasis	of	the	cancer	cell	 lines	may	
be	related	with	adherence	to	platelets	via	P-	and	L-selectin,	to	protect	the	cancer	cells	against	
shear	stress	and	the	immune	system.	Importantly,	both	platelet-cancer	cell	aggregation	and	
experimental	 metastasis	 of	 human	 cancer	 cells	 were	 significantly	 inhibited	 in	 P-selectin-
deficient	mice	[37,	38].	Previous	reports	indicate	that	CD24	takes	part	in	metastasis	as	a	ligand	
for	P-selectin.	Expression	of	CD24	as	ligand	for	platelet	binding	is	upregulated	by	thrombin,	
indicating	that	direct	inhibition	of	thrombin	may	prevent	binding	of	platelets	to	cancer	cells,	
rendering	the	cancer	cells	vulnerable	in	the	circulation	[21,	39,	40].	CD24	expression	was	found	
on	B16	cells,	in	low	levels	on	CT26	cells	and	it	was	absent	on	K1735	melanoma	cells.	So,	the	
antimetastatic	effects	of	hirudin	on	B16	cells	can	also	be	explained	by	inhibition	of	CD24.	A	
small	fraction	of	CT26	cells	expressed	CD24	as	well	but	the	numbers	may	have	been	too	small	
for	successful	metastasis	and	thus	to	show	effects	of	hirudin.	CT26	as	well	as	K1735	cells	may	
have	been	arrested	mechanically	in	the	capillaries	due	to	size	restriction	as	was	reported	by	
Mook	et	al	for	colon	cancer	metastasis	in	rats	[41]	and	such	a	process	cannot	be	inhibited	by	
hirudin.

In	 summary,	 the	 results	 of	 our	 experiments	 indicate	 that	 anticoagulants	 have	 their	
antimetastatic	 effects	 on	 specific	 cancer	 cell	 types.	 In	 our	 model,	 anticoagulants	 affect	 B16	
melanoma	but	not	K1735	melanoma	and	CT26	colon	carcinoma	metastasis	 in	 lungs.	K1735	
melanoma	 and	 CT26	 colon	 carcinoma	 cell	 lines	 must	 metastasize	 via	 other	 mechanisms,	
independent	of	thrombin	activation,	making	them	insensitive	for	hirudin	treatment.	The	B16	
melanoma	cell	line	requires	a	hirudin	target	for	survival,	such	as	selectin-mediated	adhesion	
and	may	be	the	most	appropriate	murine	tumor	model	for	research	on	the	effect	of	coagulation	
on	cancer.
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Abstract

Inhibition	 of	 blood	 coagulation	 appears	 to	 be	 an	 important	 therapeutic	 strategy	 to	
improve	the	outcome	in	sepsis.	However,	the	beneficial	effect	of	anticoagulant	treatment	in	
sepsis	is	solely	based	on	experimental	data	using	inhibitors	of	the	extrinsic	coagulant	pathway.	
The	role	of	 the	 intrinsic	pathway	of	coagulation	 in	the	pathogenesis	of	sepsis	has	not	been	
explored	 yet.	 In	 the	 current	 study,	 we	 contribute	 to	 determine	 the	 role	 of	 factor	 (F)VIII,	 the	
key	player	of	the	intrinsic	coagulant	pathway,	on	host	defense	against	peritonitis.	To	this	end,	
hemizygous	 FVIII-deficient	 mice	 and	 their	 wild-type	 littermates	 were	 challenged	 with	 1.104	

bacteria	in	a	septic	peritonitis	model.	The	intraperitoneal	injection	of	E. coli	led	to	growth	and	
dissemination	of	bacteria	and	provoked	an	inflammatory	response	as	evident	from	elevated	
cytokine	levels,	increased	cell	influx	into	tissues,	liver	necrosis	and	endothelialitis	resulting	in	
mortality.	The	FVIII-deficient	genotype	slightly	reduced	bacterial	outgrowth	but	had	no	effect	
on	markers	of	inflammation	and/or	survival.	In	addition,	FVIII-deficient	mice	showed	profound	
activation	 of	 coagulation,	 thereby	 improving	 the	 hemophilic	 phenotype	 of	 FVIII-deficient	
mice.	In	conclusion,	FVIII	deficiency	slightly	modifies	host	defense	in	septic	peritonitis	in	mice,	
but	does	not	influence	the	final	outcome	of	peritonitis.	Therefore,	we	question	the	importance	
of	the	intrinsic	coagulant	pathway	during	sepsis.
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Introduction

Sepsis,	 a	 severe	 illness	 caused	 by	 overwhelming	 infection	 of	 the	 bloodstream	 by	 toxin-
producing	bacteria,	 is	the	most	common	cause	of	death	among	hospitalized	patients	 in	non-
coronary	intensive	care	units	[1].	A	characteristic	hallmark	of	sepsis	is	an	excessive	disturbance	
in	the	balance	between	coagulation	factors	and	their	 inhibitors	[2,	3].	This	 imbalance	leads	to	
activation	of	procoagulant	pathways,	down-regulation	of	anticoagulant	pathways	and	inhibition	
of	fibrinolysis	leading	to	disseminated	intravascular	coagulation	(DIC),	multiple	organ	failure	and	
ultimately	death.

Several	 lines	 of	 evidence	 support	 an	 important	 role	 of	 exacerbated	 coagulation	 in	 the	
pathogenesis	of	sepsis.	Experimental	animal	studies	using	inhibitors	of	the	coagulation	cascade,	
such	 as	 anti-tissue	 factor	 (TF)	 antibodies	 [4],	 tissue	 factor	 pathway	 inhibitor	 (TFPI)	 [5,6]	 or	
active-site	 inhibited	 FVIIa	 (DEGR-FVIIa)	 [7]	 prevented	 DIC	 and	 increased	 survival	 in	 baboons	
intravenously	 injected	 with	 Escherichia (E.) coli.	 Furthermore,	 recombinant	 human	 activated	
protein	C	(APC)	reduced	mortality	associated	with	sepsis	in	the	recombinant	human	activated	
protein	 C	 worldwide	 evaluation	 in	 severe	 sepsis	 (PROWESS)	 study	 [8].	 Finally,	 DIC	 has	 been	
shown	to	be	an	independent	predictor	of	mortality	in	patients	with	sepsis	and	septic	shock	[9].	
It	 is	 therefore	 generally	 accepted	 that	 manipulation	 of	 the	 coagulation	 cascade	 might	 be	 an	
important	therapeutic	strategy	to	improve	the	outcome	in	sepsis.

The	proposed	beneficial	effect	of	preventing	or	reducing	blood	coagulation	during	sepsis	is	
primarily	built	on	experimental	data	using	inhibitors	of	the	extrinsic	coagulant	pathway.	Whether	
inhibition	of	the	intrinsic	pathway	also	plays	an	important	protective	role	in	the	pathogenesis	of	
sepsis	remains	speculative	but	considering	the	detrimental	role	of	blood	coagulation	one	could	
envision	a	similar	protective	effect	in	sepsis.	Indeed,	FVIII	and	IX	levels	are	dramatically	increased	
during	sepsis	[10,	11]	but	changes	of	plasma	FVIII	levels	were	not	related	with	the	outcome	of	
septic	patients	 [12].	Alternative	arguments	against	an	 important	 role	of	 the	 intrinsic	pathway	
in	sepsis	might	be	that	some	case	reports	describe	hemophilic	patients	 (genetic	or	acquired)	
with	overt	DIC	in	the	course	of	sepsis	[13-15].	In	addition,	several	reports	suggest	that	activation	
of	coagulation	 in	systemic	 inflammation	 is	driven	by	a	continuous	and	generalized	release	of	
tissue	 factor	 (TF)	 thereby	questioning	the	 importance	of	 the	 intrinsic	coagulant	pathway	 [16-
19].	However,	there	are	no	experimental	data	and/or	clinical	studies	concerning	the	role	of	the	
intrinsic	 coagulant	 pathway	 in	 generalized	 inflammatory	 conditions	 and	 thus	 one	 can	 only	
speculate	about	its	importance	in	sepsis.	In	the	current	study,	therefore,	we	sought	to	determine	
the	role	of	FVIII	(the	key	player	in	the	intrinsic	pathway)	in	murine	septic	peritonitis	to	prove	or	
refute	the	hypothesis	that	FVIII	deficiency	plays	a	protective	role	in	sepsis.

 Materials and Methods

Animals 
The	generation	of	FVIII-deficient	mice	has	been	described	in	detail	by	dr.	Bi	et al.	[20,	21].	
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Hemizygous	FVIII-deficient	mice	and	wild-type	littermates	were	obtained	by	mating	heterozygous	
FVIII-deficient	females	with	hemizygous	FVIII-deficient	males.	All	mice	were	bred	and	maintained	
at	the	animal	care	facility	at	the	Academic	Medical	Center	according	to	institutional	guidelines,	
with	free	access	to	food	and	water.	Animal	procedures	were	carried	out	in	compliance	with	the	
Institutional	Standards	for	Humane	Care	and	Use	of	Laboratory	Animals.	All	mice	were	housed	in	
the	same	temperature-controlled	room	with	alternating	12h	light/dark	cycles.	Male	mice	at	an	
age	of	8-10	weeks	were	used	in	the	peritonitis	model	as	described	below.	

Induction of peritonitis
Peritonitis	was	induced	as	described	previously	[22].	In	brief,	E. coli	O18:K1	was	cultured	in	

Luria	Bertani	(LB;	10	g/l	Bacto-tryptone,	5	g/l	Bacto-yeast	extract	and	10	g/l	NaCl)	medium	at	
37	ºC,	harvested	at	mid-log	phase,	and	washed	twice	with	sterile	saline	before	injection.	Mice	
were	injected	intraperitoneally	(i.p.)	with	104	E. coli	colony-forming	units	(CFU)	in	200	µl	sterile	
isotonic	saline.	The	inoculum	was	plated	on	blood	agar	plates	immediately	after	inoculation	
to	determine	viable	counts.	Mice	were	sacrificed	20	hours	(n	=	8	per	group)	after	induction	of	
peritonitis	or	studied	for	survival	time	(n	=	8	per	group).

Collection of samples
For	measurements	of	bacterial	outgrowth	and	host	responses,	animals	were	sacrificed	at	a	

time	point	shortly	before	mortality	occurred	(20	h).	Mice	were	anaesthetized	by	 inhalation	of	
isoflurane	(Forene,	Abbott	Laboratories	Ltd,	Maidenhead,	UK)	/	O2	(2%	/	2l%)	and	a	peritoneal	
lavage	was	performed	with	5	ml	sterile	isotonic	saline	using	an	18-gauge	needle.	The	recovery	
of	 peritoneal	 lavage	 fluid	 was	 >90%	 in	 each	 experiment	 and	 did	 not	 differ	 between	 groups.	
After	collection	of	peritoneal	fluid,	deeper	anesthesia	was	induced	by	i.p.	injection	of	0.007	ml/g	
FFM	mixture	(Fentanyl	 (0.315	mg/ml),	Fluanisone	(10	mg/ml)	 (Janssen,	Beersen,	Belgium)	and	
Midazolam	(5	mg/ml)	(Roche,	Mijdrecht,	The	Netherlands)).	Next,	blood	was	drawn	from	the	vena	
cava	inferior	with	a	sterile	syringe,	and	transferred	to	tubes	containing	heparin	(Becton-Dickinson,	
Franklin	Lakes,	NY,	USA).	Finally,	tissues	were	removed	for	further	analysis.	Liver	and	kidney	were	
used	for	assessment	of	bacterial	load,	histology	and	mRNA	levels	(kidney	only),	while	lung	was	
used	for	histology	only.

Enumeration of bacteria
Liver	and	kidney	sections	were	homogenized	at	4°C	in	five	volumes	of	sterile	isotonic	saline.	

Serial	10-fold	dilutions	in	sterile	isotonic	saline	were	made	from	the	homogenates,	peritoneal	
lavage	fluid	and	blood,	and	50	µl	were	plated	onto	sheep-blood	agar	plates	and	incubated	at	
37°C.	CFUs	were	counted	after	overnight	culture.	

Cell counts 
Leukocyte	 counts	 in	 peritoneal	 lavage	 fluid	 were	 determined	 using	 a	 Coulter	 counter	

(Beckman	Coulter,	Fullerton,	CA).	
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Assays
Thrombin-antithrombin	complexes	(TAT)	were	determined	in	plasma	and	peritoneal	lavage	

fluid	 as	 a	 measurement	 of	 thrombin	 generation.	 TAT	 levels	 were	 measured	 with	 a	 mouse-
specific,	enzyme-linked	immunosorbent	assay	(ELISA)-based	method	as	described	previously	
[23].	

Cytokines	 were	 measured	 in	 plasma	 and	 in	 peritoneal	 lavage	 fluid	 by	 ELISAs	 according	
to	the	recommendations	of	the	manufacturer	(R&D	Systems,	Abingdon,	U.K)	(with	detection	
limits	in	pg/ml),	i.e.	interleukin	(IL)-6	(62.5),	IL-10	(31.3),	keratinocyte-derived	chemokine	(KC,	
also	known	as	growth-regulated	oncogene-α	(GRO-α),	a	functional,	murine	analog	of	human	
IL-8)	(24.7)	and	tumor	necrosis	factor	(TNF)-α	(62.5).

Histological examination 
Samples	from	liver,	lung	and	kidney	were	removed,	fixed	in	4%	formalin,	and	embedded	in	

paraffin	for	routine	histology.	Sections	of	4	μm	thickness	were	stained	with	hematoxylin	and	
eosin.	Slides	were	coded	and	analyzed	without	knowledge	of	the	genotype	of	mice.	Inflammation	
was	characterized	by	the	influx	of	leukocytes	and	by	the	presence	of	endothelialitis	(i.e.	sticking	
of	leukocytes	to	the	vessel	wall).	The	degree	of	endothelialitis	was	rated	0	if	absent,	1	if	seen	
once	or	twice,	2	if	seen	in	all	vessels,	or	3	if	seen	massively	in	most	vessels.	The	degree	of	influx	
of	leukocytes	was	rated	0	if	absent,	1	if	seen	occasionally,	2	if	seen	regularly,	3	if	omnipresent,	
or	4	if	omnipresent	and	resulting	in	dense	infiltrates	in	the	intra-alveolar	septa.

Coagulation	 activation	 was	 assessed	 using	 immunohistochemical	 staining	 for	 fibrin	 on	
paraffin	slides	after	deparaffinization	and	rehydration	using	standard	 immunohistochemical	
procedures.	Formaldehyde-induced	cross-linking	was	disrupted	by	boiling	the	slides	 in	0.01	
M	 citrate	 buffer	 (pH	 6.0).	 Next,	 endogenous	 peroxidase	 activity	 was	 quenched	 using	 0.3%	
H2O2	 in	 methanol	 and	 non-specific	 binding	 was	 blocked	 with	 TENG-T	 (10	 mM	 Tris,	 5	 mM	
ethylenediaminetetraacetic	acid,	0.15	M	NaCl,	0.25%	gelatin,	0.05%	(v/v)	Tween	20,	pH	8.0).	
As	primary	antibody	biotinylated	goat	anti-mouse	fibrinogen	antibody	(Accurate	Chemical	&	
Scientific	Corporation,	Westbury,	NY,	USA)	was	used.	ABC	solution	(DAKO,	Glostrup,	Denmark)	
was	used	as	staining	enzyme;	0.03%	H2O2	and	3,3’-diaminobenzidine	tetrahydrochloride	(DAB,	
Sigma	Chemical	Co.,	St.	Louis,	MO,	USA)	in	0.05	M	Tris	pH	7.6	was	used	as	substrate.	To	compare	
the	degree	of	fibrin	deposition	between	the	individual	mice,	the	number	of	positively	stained	
vessels	in	10	fields	at	a	magnification	of	20x	was	counted.

RNA isolation
Total	 RNA	 was	 isolated	 from	 snap	 frozen	 tissue	 using	 guanidine	 isothiocyanate	 (Trizol®;	

Gibco,	Carlsbad,	CA,	USA)	/	chloroform	extraction	followed	by	precipitation	with	2-propanol.	
After	washing	with	80%	ethanol,	the	isolated	RNA	was	dissolved	in	RNase	free	water	and	stored	
at	-80ºC	until	usage.	cDNA	was	made	by	reverse	transcription	from	total	RNA	using	random	
hexamer	 primers	 (Life	 Technologies,	 Cergy	 Pointoise,	 France)	 and	 Superscript	 II	 reverse	
transcriptase	(Life	Technologies).
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TF and TFPI mRNA analysis 
TF	and	TFPI	mRNA	levels	were	measured	by	a	quantitative	real-time	reverse	transcription-

polymerase	 chain	 reaction	 using	 Light	 Cycler	 technology	 (Roche	 Molecular	 Biochemicals,	
Alameda,	CA,	USA)	with	SYBR	Green	II	detection	using	standard	software	for	quantification	as	
recommended	by	the	manufacturer.	Primer	pairs	used	were	5’-GGAAAGGCTCAAGCACAGGAAA-
3’	 and	 5’-CAGGAAACTCTTCCATTGCTCTGTG-3’	 for	TF	 and	 5’-TGTCTGAGGAAGCTGATGAC-3’	 and	
5’-GGTTCTCGTTCCCTTCACAT-3’	 for	 TFPI.	 Expression	 levels	 were	 normalized	 to	 the	 expression	
level	of	glyceraldehypde-3-phosphate	dehydrogenase	(GAPDH)	mRNA.	The	following	conditions	
were	used:	40	cycles	at	95°C	for	15	seconds,	60°C	for	5	seconds,	and	72°C	for	20	seconds.	

Statistical analysis 
Data	were	analyzed	using	the	SPSS	statistical	package.	Data	are	expressed	as	means	±	SEM,	

unless	 indicated	otherwise.	Comparisons	between	groups	were	conducted	using	the	Mann-
Whitney	U-test	in	case	of	histology	data	and	using	the	Student’s	t-test	in	case	of	the	other	data.	

Survival	curves	were	compared	by	log-rank	test.	A	value	of	p<0.05	was	considered	to	represent	
a	statistically	significant	difference.	

Results

Coagulant phenotype of hemophilia A mice 
FVIII-deficient	 mice	 have	 previously	 been	 described	 as	 mice	 with	 a	 bleeding	 tendency	

[20,21,24].	 To	 demonstrate	 that	 the	 FVIII-deficient	 mice	 in	 our	 breeding	 colony	 are	 indeed	
hemophilic,	we	measured	FVIII	activity	in	citrated	plasma.	No	FVIII	activity	could	be	detected	
in	plasma	of	hemophilic	mice,	as	compared	to	100%	FVIII	activity	in	wild-type	littermates	(data	
not	shown).

Figure 1.	Bacterial	outgrowth	is	influenced	by	FVIII	deficiency.	Bacterial	outgrowth	(expressed	as	mean	±	SEM	
of	CFU/ml)	in	peritoneal	lavage	fluid	(PF),	blood,	liver	and	kidney	20h	after	infection.	Wild-type	(black	bars)	mice	
and	FVIII	deficient	mice	(open	bars)	were	i.p.	infected	with	104	CFU	E. coli	at	t=0h.	*p<0.05	vs.	wild-type	controls
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Bacterial outgrowth is slightly influenced by a hemophilic phenotype
To	obtain	 insight	 into	the	role	of	coagulation	 in	antibacterial	defense	during	peritonitis,	

we	compared	the	number	of	E. coli	CFUs	20h	after	infection	in	peritoneal	lavage	fluid	(the	site	
of	 the	 infection),	 blood	 (to	 evaluate	 to	 what	 extent	 the	 infection	 became	 systemic),	 and	 in	
liver	and	kidney	(to	evaluate	to	which	extent	the	infection	was	disseminated)	of	FVIII-deficient	
mice	and	their	wild-type	littermates.	FVIII-deficient	mice	showed	modestly	reduced	bacterial	
outgrowth	in	peritoneal	lavage	fluid	and	blood	compared	to	wild-type	mice	(figure	1),	whereas	
bacterial	outgrowth	in	liver	and	kidney	did	not	differ	between	the	two	groups	(for	peritoneal	
lavage	fluid,	3.2.1010	±	5.1.109	CFU/ml	for	wild-type	mice	vs.	4.8.109	±	1.6.109	CFU/ml	for	FVIII	
deficient	mice,	for	blood	1.3.1010	±	6.2.109	CFU/ml	vs.	3.9.108	±	1.3.108	CFU/ml,	for	liver	2.1.1010	
±	 8.8.109	CFU/ml	 vs.	 1.9.1010	 ±	 6.9.109	 CFU/ml,	 and	 for	 kidney	 2.4.1010	±	 5.3.109	 vs	 2.9.1010	 ±	
6.0.109	CFU/ml).

Coagulation activation during peritonitis is only partly dependent on the FVIII genotype
To	establish	the	role	of	FVIII	deficiency	in	the	coagulant	response	to	peritonitis,	we	measured	

TAT	 levels	 in	 plasma	 and	 peritoneal	 lavage	 fluid	 obtained	 20h	 after	 infection	 (figure	 2).	TAT	
levels	of	wild-type	mice	are	strongly	elevated	upon	peritonitis	as	compared	to	the	TAT	level	of	1	
ng/ml	in	untreated	wild-types.	Septic	FVIII-deficient	mice	showed	significantly	lower	TAT	levels	
in	plasma	and	peritoneal	lavage	fluid	than	wild-type	littermates,	but	these	levels	were	about	
4	times	higher	than	in	untreated	wild-types.	Histological	analysis	of	both	liver	and	lung	slides	
confirmed	coagulation	activation	upon	induction	of	peritonitis.	However,	as	shown	in	figure	
3B,	the	number	of	vessels	positively	stained	for	fibrin	did	not	differ	between	wild-type	and	FVIII	
deficient	mice	20	hours	after	induction	of	peritonitis.	

Figure 2.	Coagulation	activation	during	peritonitis	is	altered	in	FVIII	deficient	mice	as	compared	to	wild-type	lit-
termates.	Mean	±	SEM	of	TAT	values	in	peritoneal	lavage	fluid	(PF)	and	blood	of	wild-type	mice	(black	bars;	n=8)	
and	FVIII	deficient	mice	(open	bars;	n=8)	20	hours	after	i.p.	infection	with	104	CFU	E. coli.	*p<0.05	vs.	wild-type	
mice.
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FVIII deficiency does not influence the inflammatory response to peritonitis 
To	determine	 the	 role	of	FVIII	 in	 the	 inflammatory	 response	 to	peritonitis,	we	evaluated	

cytokine	release	and	cell	 influx	 into	the	peritoneal	cavity.	As	given	 in	table	1,	 the	release	of	
TNF-α	 into	the	peritoneal	cavity	20	hours	after	 induction	of	peritonitis	was	slightly	 lower	 in	
FVIII-deficient	mice	than	in	wild-type	littermates,	while	IL-6,	IL-10	and	KC	levels	did	not	differ	
between	 the	 two	 groups.	 The	 influx	 of	 leukocytes	 into	 the	 peritoneal	 cavity	 did	 not	 differ	
between	the	two	groups	as	well	(1.6.106	±	2.7.105	cells/mL	for	FVIII-deficient	mice	vs.	1.0.106	±	
2.1.105	cells/mL	for	wild-type	mice).

Upon	histopathologic	examination,	all	mice	displayed	foci	of	liver	necrosis	associated	with	
thrombus	formation.	The	extent	of	liver	necrosis	did	not	differ	between	mice	with	different	FVIII	
genotype	(data	not	shown).	Inflammation,	as	characterized	by	adhesion	of	leukocytes	to	the	

Figure 3.	 FVIII	 deficiency	 does	 not	 influence	 peritonitis-induced	 changes	 in	 liver,	 lung	 and	 kidney	 histology.	
Graphical	representation	of	the	degree	of	inflammation	(A)	in	liver,	lung	and	kidney	and	of	fibrin	deposition	(B)	
in	liver	and	lung	20	hours	after	i.p.	infection	with	104	CFU	E. coli	in	wild-type	(black	bars)	and	FVIII	deficient	mice	
(open	bars).	Fibrin	deposition	is	shown	as	the	number	of	positively	stained	vessels	observed	in	10	microscopy	
fields	at	a	magnification	of	25x.	The	degree	of	inflammation	is	shown	according	to	the	scoring	system	described	
in	the	materials	and	methods	section.	Differences	between	the	two	groups	were	not	significant.

Table 1.	Chemokine	and	cytokine	levels	in	peritoneal	lavage	fluid	20h	after	administration	of	E. coli.

Cytokine/chemokine wild-type FVIII deficient

IL-6 (ng/ml) 7.4	±	1.7 6.6	±	1.5

IL-10 (pg/ml) 200	±	41 150	±	28

KC (ng/ml) 10.4	±	1.1 8.1	±	1.5

TNF-α (pg/ml) 94	±	18 <	62	*

Data	are	mean	±	SEM	(n	=	8	mice	per	group)	at	20h	after	i.p.	administration	of	E. coli	(104	CFU).	*	P<0.05	vs.	
matching	wild-types.



91

Role of coagulation FVIII in septic peritonitis assessed in hemophilic mice

vessel	wall	(i.e.	endothelialitis)	and	by	influx	of	leukocytes,	was	evidently	induced	by	peritonitis	
in	all	mice.	The	degree	of	 inflammation	 in	 liver,	 lung	and	kidney	did	not	differ	between	the	
different	genotypes	and	their	wild-type	littermates	(Figure	3A).	

Figure 4.	Septic	peritonitis-induced	mortality	 is	not	 influenced	by	FVIII	deficiency.	Survival	after	 i.p.	 infection	
with	104	CFU	E. coli	in	wild-type	mice	(closed	squares;	n=8)	and	FVIII	deficient	mice	(open	squares;	n=8).	Differen-
ces	between	the	two	groups	were	not	statistically	significant.	

Figure 5. TF/TFPI	 mRNA	 balance	 is	 disturbed	 20	 hours	
upon	E. coli	administration.	Mean	±	SEM	of	TF	(A)	and	TFPI	
(B)	 mRNA	 levels	 and	 of	 the	 ratio	 between	TF	 and	TFPI	 (C)	
levels	in	kidney.	Wild-type	(black	bars)	mice	and	FVIII	defi-
cient	mice	(open	bars)	were	i.p.	infected	with	104	CFU	E. coli	
at	t=0h.	At	none	of	the	time	points	studied	differences	bet-
ween	the	two	groups	were	statistically	significant.
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FVIII deficiency does not influence survival 
To	 investigate	 the	 role	 of	 FVIII	 deficiency	 on	 the	 outcome	 of	 peritonitis,	 we	 performed	

survival	 studies.	 No	 difference	 in	 mortality	 was	 seen	 between	 FVIII-deficient	 mice	 and	 their	
wild-type	littermates	(Figure	4).	

Disturbed balance between TF and TFPI mRNA suggests on-going initiation of coagulation 
during peritonitis 

To	 prove	 or	 refute	 the	 hypothesis	 that	 coagulation	 activation	 in	 FVIII	 deficient	 mice	 is	
dependent	on	continuous	 initiation	of	 the	coagulation	cascade	due	 to	a	disturbed	balance	
between	 TF	 and	 TFPI	 levels,	 we	 measured	 TF	 and	 TFPI	 mRNA	 levels	 in	 kidney	 samples.	 As	
shown	in	Figure	5,	administration	of	E. coli	resulted	in	an	increase	in	TF	mRNA	levels	(9.4	±	2.2	
fold	in	wild-type	mice	20	hours	after	administration	of	E. coli)	and	in	decreased	TFPI	expression	
(1.6	±	0.06	fold	in	wild-type	mice	20	hours	after	administration	of	E. coli)	thus	increasing	the	
TF/TFPI	ratio	15.4	±	3.9	fold.	The	increase	in	TF	(7.8	±	2.8	fold)	and	decrease	in	TFPI	(1.5	±	0.07	
fold)	 mRNA	 levels	 in	 FVIII-	 deficient	 mice	 was	 similar	 to	 that	 in	 wild-type	 mice	 leading	 to	 a	
comparable	increased	TF/TFPI	ratio	(16.0	±	7.7	fold)	upon	induction	of	septic	peritonitis.

Discussion

The	central	aim	of	this	study	was	to	proof	or	refute	the	hypothesis	that	FVIII	deficiency	plays	
a	 protective	 role	 in	 sepsis.	 In	 theory,	 FVIII	 deficiency	 could	 limit	 the	 pathogenesis	 of	 sepsis	
by	reducing	the	formation	of	activated	coagulation	factors,	which	play	a	detrimental	role	in	
inflammatory	disease	[4-7,	25-27].	However,	the	current	study	seems	to	refute	this	hypothesis	
and	excludes	an	important	role	of	FVIII	in	sepsis.

In	 the	 present	 study,	 we	 determined	 the	 effect	 of	 FVIII	 deficiency	 on	 host	 coagulant,	
inflammatory	 and	 anti-bacterial	 responses	 to	 intra-abdominal	 sepsis.	 Septic	 peritonitis	 was	
induced	 by	 i.p.	 injection	 of	 E. coli in	 hemizygous	 FVIII-deficient	 males	 and	 their	 wild-type	
littermates.	Although	FVIII	deficiency	did	 influence	host	defense	to	some	extent,	as	evident	
from	 reduced	 bacterial	 outgrowth	 in	 blood	 and	 peritoneal	 lavage	 fluid,	 it	 did	 not	 protect	
against	sepsis-induced	mortality.	In	agreement,	the	degree	of	inflammation,	as	visualized	by	
leukocyte	influx	into	the	peritoneal	cavity,	cytokine	and	chemokine	release	into	the	peritoneal	
lavage	 fluid	 and	 leukocyte	 influx	 in	 liver,	 lung	 and	 kidney	 was	 not	 dependent	 on	 the	 FVIII	
genotype.	

As	 expected,	 induction	 of	 peritonitis	 led	 to	 coagulation	 activation	 in	 wild-type	 mice,	 as	
visualized	by	increased	TAT	levels	in	plasma	and	peritoneal	lavage	fluid	and	by	enhanced	fibrin	
deposition	 in	 liver	and	lung.	Remarkably,	FVIII-deficient	mice	showed	profound	coagulation	
activation	 as	 well,	 indicating	 that	 the	 intrinsic	 coagulant	 pathway	 is	 overshadowed	 by	 the	
extrinsic	pathway	and	is	thus	of	minor	 importance	in	sepsis.	 Indeed,	several	reports	already	
suggested	that	coagulation	activation	in	sepsis	is	the	consequence	of	continuous	initiation	via	
the	TF/FVIIa	complex	[16-19].	TF	production	not	balanced	by	TFPI	promoted	poor	prognosis	
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associated	 with	 DIC	 and	 organ	 dysfunction	 in	 patients	 with	 sepsis	 and/or	 trauma	 [18-19].	
In	 fact,	we	show	that	upon	 induction	of	septic	peritonitis	 the	balance	between	TF	and	TFPI	
mRNA	shifted	 towards	 the	TF	side.	This	shift	was	equally	prominent	 in	wild-type	mice	as	 in	
FVIII-deficient	mice,	suggesting	that	continuous	activation	of	the	extrinsic	coagulant	pathway	
is	responsible	for	the	observed	coagulant	activity	in	FVIII-deficient	mice.

The	overall	effect	of	FVIII	deficiency	on	septic	peritonitis	is	rather	limited,	most	likely	because	
sepsis	 improves	the	hemophilic	phenotype	of	FVIII-deficient	mice.	As	bacterial	outgrowth	is	
clearly	reduced	in	peritoneal	lavage	fluid	and	in	blood	of	FVIII-deficient	mice,	we	cannot	rule	
out	the	possibility	that	FVIII	(or	actually	the	intrinsic	coagulant	pathway)	slightly	exacerbates	
the	progress	of	sepsis.	However,	there	are	no	clinical	studies	assessing	the	occurrence	of	sepsis	
in	hemophilic	patients.	Some	case	reports	describe	hemophilic	patients	with	septic	disease	
[13-15,	28]	but	from	these	individual	cases	 it	 is	 impossible	to	conclude	whether	hemophilia	
would	protect	against	sepsis.	The	risk	of	acquiring	 infections	 from	transfusion	of	blood	and	
blood	products	[29]	further	complicates	a	sound	evaluation	of	septic	risk	in	hemophilia	patients	
compared	to	the	general	population.	

Several	issues	should	be	kept	in	mind	when	interpreting	our	data.	First,	in	the	present	study	
we	 used	 a	 virulent,	 invasive	 E. coli	 strain	 that,	 after	 intraperitoneal	 injection,	 rapidly	 enters	
the	 circulation	 [23].	Therefore,	 our	 model	 results	 in	 early	 systemic	 infection,	 mimicking	 the	
condition	of	severe	abdominal	sepsis.	Secondly,	bacteria	were	administered	in	the	absence	of	
concurrent	antibiotic	therapy,	and,	therefore,	our	data	do	not	provide	insight	into	the	effects	
of	FVIII	in	septic	mice	treated	with	antibiotics.	Thirdly,	one	should	realize	that	our	study	does	
not	include	a	careful	time	course	analysis	and	one	might	argue	that	FVIII	could	play	a	role	early	
on	in	peritonitis.	However,	such	a	role	would	be	of	minor	importance,	as	it	does	not	affect	the	
final	outcome	of	peritonitis.	Finally,	differences	in	bacterial	outgrowth	in	blood	and	peritoneal	
lavage	fluid,	observed	20	hours	after	induction	of	peritonitis,	are	absent	in	distant	organs	and	
at	this	moment	we	do	not	have	a	valid	explanation	for	these	apparent	discrepant	results.

In	 conclusion,	 FVIII	 deficiency	 slightly	 modifies	 host-defense	 during	 septic	 peritonitis	
in	 mice,	 but	 does	 not	 influence	 the	 final	 outcome	 of	 peritonitis.	Therefore,	 we	 question	 an	
important	role	for	the	intrinsic	coagulant	pathway	during	septic	peritonitis	and	provide	further	
evidence	for	a	deleterious	role	of	continuous	activation	of	the	extrinsic	coagulant	pathway	in	
sepsis.
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Abstract

Objective:	The	factor	V	Leiden	(FVL)	mutation	(Arg506Glu)	results	in	the	production	of	a	FV	
protein	that	when	activated,	 is	relatively	resistant	to	inactivation	by	activated	protein	C	and	
thereby	leads	to	predisposition	to	thrombosis.	The	rather	high	prevalence	of	the	FVL	mutation	
in	 the	 general	 population	 prompted	 speculation	 about	 a	 potential	 survival	 benefit	 for	
individuals	carrying	the	FVL	allele.	Indeed,	both	clinical	and	experimental	animal	data	suggest	
that	a	heterozygous	FVL	genotype	might	protect	against	the	lethal	consequences	of	sepsis.	We	
sought	to	confirm	the	survival	advantage	of	heterozygous	FVL	mice	in	septic	disease.

Design:	Controlled	animal	experiment.
Setting:	Academic	Research	Laboratory.
Subjects: Wildtype,	heterozygous	and	homozygous	FVL	mice	subjected	to	1.104	live	bacteria	

as	model	for	septic	peritonitis.
Interventions:	none
Measurements and Main Results:	 The	 intraperitoneal	 injection	 of	 E. coli	 led	 to	 growth	

and	 dissemination	 of	 bacteria	 and	 provoked	 an	 inflammatory	 response	 as	 evident	 from	
elevated	cytokine	levels	(interleukins-6,	interleukins-10	and	tumor	necrosis	factor-α),	induced	
thrombin-antithrombin	complex	levels,	increased	granulocyte	influx	into	the	peritoneal	cavity,	
liver	necrosis	and	adhesion	of	 leukocytes	to	the	vessel	wall,	 resulting	 in	approximately	50%	
mortality	after	72	hours.	The	FVL	genotype	had	no	significant	effect	on	bacterial	outgrowth,	
markers	of	inflammation	(i.e.	tumor	necrosis	factor-α	levels	of	152	[96.2-200],	152	[99.7-1745]	
and	110	[99.7-177]	pg/ml	in	peritoneal	lavage	fluid	at	t=20	hours	for	wildtype,	heterozygous	
and	 homozygous	 FVL	 mice	 respectively),	 thrombin	 generation	 (i.e.	 thrombin-antithrombin	
complex	 levels	 of	 19.9	 [9.31-37.4],	 10.4	 [6.55-15.8]	 and	 12.6	 [8.24-29.0]	 ng/ml	 in	 peritoneal	
lavage	fluid	at	t=6	hours	for	wildtype,	heterozygous	and	homozygous	FVL	mice	respectively)	
and	 survival	 (50%,	 36%	 and	 50%	 for	 wild-type,	 heterozygous	 and	 homozygous	 FVL	 mice	
respectively).	

Conclusions:	 The	 FVL	 allele	 has	 no	 beneficial	 effect	 in	 mouse	 septic	 peritonitis	 and	 the	
general	protective	effect	of	FVL	in	sepsis	needs	further	investigation.	
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Introduction

Factor	V	 Leiden	 (FVL),	 an	 arginine	 to	 glutamine	 missense	 mutation	 in	 the	 factor	 (F)V	
gene	at	position	506	[1],	is	a	major	risk	factor	for	venous	thromboembolism	[2].	The	amino	
acid	substitution	 in	the	activated	protein	C	 (APC)	cleavage	site	of	FV	 leads	to	decreased	
APC-mediated	inactivation	of	FV	and	decreased	FV	cofactor	activity	for	FVIIIa	inactivation	
[3].	Despite	an	up	to	80-fold	increased	risk	for	thrombosis	in	homozygous	individuals	[4],	
the	FVL	allele	has	a	prevalence	of	about	5%	in	the	Caucasian	population	[5].	This	relative	
high	 prevalence	 provoked	 speculation	 about	 an	 associated	 survival	 advantage	 with	 the	
FVL	mutation	exerting	positive	selective	pressure	[6,	7].	As	potential	explanation	for	such	
a	survival	benefit,	it	has	been	proposed	that	female	FVL	carrier	status	might	benefit	from	
reduced	 blood	 loss	 during	 childbirth	 or	 that	 heterozygous	 carrier	 status	 might	 improve	
embryo	implantation.	FVL	animal	studies	did	however	not	provide	evidence	for	the	latter	
notion	[8].

The	interaction	between	blood	coagulation	and	inflammation	as	part	of	the	innate	host	
defense	 mechanism	 has	 been	 firmly	 established	 [9].	 In	 particular	 in	 the	 field	 of	 infectious	
disease	the	importance	of	this	interaction	has	been	recognized,	since	major	complications	
of	 sepsis	 (i.e.	 disseminated	 intravascular	 coagulation	 (DIC)	 and	 multiple	 organ	 failure)	 are	
strongly	 linked	 with	 excessive	 disturbances	 in	 the	 balance	 between	 coagulation	 factors	
and	their	inhibitors	[10,	11].	As	activated	coagulation	factors	induce	inflammation	whereas	
inflammation	further	enhances	blood	coagulation	[12,	13],	uncontrolled	activation	of	either	
process	might	lead	to	a	vicious	circle	ultimately	leading	to	vascular	injury,	organ	failure	and	
death	 [14].	 Indeed,	 anticoagulant	 treatment	 to	 dampen	 this	 vicious	 circle	 has	 particularly	
been	successful	with	APC,	which	reduces	mortality	associated	with	sepsis	[15-17].

Genetic	analysis	of	FVL	carriership	 in	the	PROWESS	patient	population	suggests	 that	
heterozygous	FVL	carriers	might	be	protected	against	sepsis	[18];	a	notion	later	confirmed	
combining	 the	 PROWESS	 and	 ENHANCE	 studies	 [19].	 However,	 FVL	 has	 been	 associated	
with	increased	morbidity	in	childhood	meningococcal	disease	[20].	In	a	recent	population-
based	 study	 [21],	 it	 has	 been	 suggested	 that	 the	 FVL	 mutation	 might	 be	 associated	
with	 infectious	 disease	 susceptibility	 and	 an	 increased	 risk	 of	 mortality	 from	 sepsis.	
Thus,	 the	 effect	 of	 the	 FVL	 mutation	 on	 infectious	 disease	 susceptibility	 and	 outcome	
is	 controversial.	To	 add	 to	 the	 controversy,	 heterozygous	 FVL	 mice	 are	 clearly	 protected	
against	endotoxin-induced	sepsis	but	surprisingly	homozygous	FVL	mice	show	a	similar	
survival	rate	as	wildtype	non	FVL	carriers	[8].	Due	to	the	lack	of	sufficient	homozygous	FVL	
patients	in	both	the	PROWESS	and	ENHANCE	studies,	clinical	data	on	the	susceptibility	of	
FVL	homozygotes	to	sepsis	are	not	available.

In	the	current	study,	we	sought	to	confirm	the	survival	advantage	of	heterozygous	FVL	
mice	in	septic	disease	by	challenging	wild-type,	heterozygous	and	homozygous	FVL	mice	
with	live	bacteria	in	a	well-established	Escherichia (E). coli	septic	peritonitis	model.
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Materials and Methods

Animals 
FVL	mice	carrying	a	R504Q	single	amino	acid	mutation	have	been	described	previously	by	Dr	

Cui	and	co-workers	[22].	R504Q	mice	were	backcrossed	to	C57BL/6J	mice	for	4	generations	(N4),	
and	N4	R504Q	heterozygous	mice	were	intercrossed	to	produce	homozygous,	heterozygous	and	
wildtype	offspring.	All	mice	were	bred	and	maintained	at	the	animal	care	facility	at	the	Academic	
Medical	Center	according	to	institutional	guidelines,	with	free	access	to	food	and	water.	Animal	
procedures	were	carried	out	in	compliance	with	the	Institutional	Standards	for	Humane	Care	and	
Use	of	Laboratory	Animals.	All	mice	were	housed	in	the	same	temperature-controlled	room	with	
alternating	12h	light/dark	cycles.	Male	mice	at	an	age	of	8-10	weeks	were	used	in	the	peritonitis	
model	as	described	subsequently.

Induction of peritonitis
Sepsis	was	induced	using	the	well-established	model	of	E.coli-induced	peritonitis	as	described	

previously	[23].	In	brief,	E. coli	O18:K1	was	cultured	in	Luria	Bertani	medium	(LB;	Difco,	Detroit,	MI)	
at	37	ºC,	harvested	at	mid-log	phase,	and	washed	twice	with	sterile	saline	before	injection.	Mice	
were	 injected	 intraperitoneally	 (i.p.)	 with	 104	 E. coli	 colony-forming	 units	 (CFU)	 in	 200	 µl	 sterile	
isotonic	saline.	The	 inoculum	was	plated	on	blood	agar	plates	 immediately	after	 inoculation	to	
determine	viable	counts.	Mice	were	either	sacrificed	6	(9	mice	per	genotype)	or	20	(11	mice	per	
genotype)	hours	after	induction	of	peritonitis	or	studied	for	survival	time	(10	mice	for	wildtype	and	
homozygous	FVL	mice	and	n=11	for	heterozygous	FVL	mice).

Collection of samples
For	measurements	of	bacterial	outgrowth	and	host	responses,	animals	were	killed	at	an	early	

time	point	(6	hours)	and	at	a	time	point	directly	before	mortality	occurred	(20	hours).	At	the	time	
of	kill,	mice	were	anaesthetized	by	inhalation	of	isoflurane	(Forene,	Abbott	Laboratories	Ltd.,	Kent,	
UK)	/	O2	(2%	/	2l%).	A	peritoneal	 lavage	was	then	performed	with	5	ml	of	sterile	 isotonic	saline	
using	an	18-gauge	needle,	and	peritoneal	 lavage	fluid	was	collected	in	sterile	tubes	(Plastipack;	
Becton-Dickinson,	 Mountain	 View,	 CA).	 The	 recovery	 of	 peritoneal	 lavage	 fluid	 was	 >90%	 in	
each	experiment	and	did	not	differ	between	groups.	After	collection	of	peritoneal	fluid,	deeper	
anesthesia	was	induced	by	i.p.	injection	of	0.007	ml/g	FFM	mixture,	which	consisted	of	Fentanyl	
(0.315	 mg/ml),	 Fluanisone	 (10	 mg/ml;	 Janssen,	 Beersen,	 Belgium)	 and	 Midazolam	 (5	 mg/ml;	
Roche,	Mijdrecht,	The	Netherlands).	Next,	blood	was	drawn	out	of	the	vena	cava	inferior	with	a	
sterile	syringe,	and	transferred	to	tubes	containing	heparin	(Becton-Dickinson).	Finally,	tissues	were	
removed	for	further	analysis.	Liver,	lung,	and	kidney	were	used	for	assessment	of	bacterial	load	and	
histology,	while	spleen	was	used	for	bacterial	load	only.

Enumeration of bacteria
The	number	of	E. coli	CFUs	was	determined	in	peritoneal	fluid,	blood,	liver,	kidney	and	spleen	
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homogenates.	For	this,	livers,	lungs,	kidneys	and	spleens	were	harvested	and	homogenized	at	
4°C	 in	five	volumes	of	sterile	 isotonic	saline.	Serial	 ten-fold	dilutions	in	sterile	 isotonic	saline	
were	made	from	the	homogenates,	peritoneal	lavage	fluid	and	blood,	and	50-µl	volumes	were	
plated	onto	sheep-blood	agar	plates	and	incubated	at	37°C.	CFUs	were	counted	after	overnight	
(16	hours)	culture.

Cell counts 
Leukocyte	 counts	 in	 peritoneal	 lavage	 fluid	 were	 determined	 using	 a	 Coulter	 counter	

(Beckman	Coulter,	Fullerton,	CA).	

Assays
Protein	levels	in	peritoneal	lavage	fluid	was	determined	by	murine-specific	enzyme-linked	

immunosorbent	assays	(ELISA)	according	to	the	recommendations	of	the	manufacturer	(R&D	
Systems,	Abingdon,	U.K),	with	detection	limits	between	62.5	and	5000	pg/ml	and	coefficients	
of	variance	between	4	and	10%].	As	we	only	obtained	small	amounts	of	plasma,	protein	levels	
of	 interleukin	 (IL)-6,	 IL-10,	 IL-12p70,	 TNFα,	 monocyte	 chemotactic	 protein-1	 (MCP-1)	 and	
interferon-γ	(IFN-γ)	were	determined	in	plasma	by	BDTM	Cytometric	Bead	Array	according	to	
manufacturer’s	protocol	with	detection	limits	between	20	and	5000	pg/ml	and	coefficients	of	
variance	between	2	and	10%.	

Thrombin-antithrombin	complexes	(TAT)	were	determined	in	plasma	and	peritoneal	lavage	
fluid	 as	 a	 measurement	 of	 thrombin	 generation.	 TAT	 levels	 were	 measured	 with	 a	 mouse-
specific,	ELISA-based	method	as	described	previously	[24].

Histologic examination 
Directly	 after	 the	 mice	 were	 killed,	 samples	 from	 liver,	 lung	 and	 kidney	 were	 removed,	

fixed	 in	 4%	 formalin,	 and	 embedded	 in	 paraffin	 for	 routine	 histology.	 Sections	 of	 4	 μm	
thickness	were	used	for	immunohistochemical	staining	for	the	presence	of	granulocytes.	After	
deparaffinization	and	rehydration	of	the	paraffin	slides	using	standard	immunohistochemical	
procedures,	 the	 slides	 were	 digested	 in	 a	 solution	 of	 0.25%	 pepsin	 (Sigma)	 in	 0.01	 M	 HCl.	
Endogenous	peroxidase	activity	was	quenched	using	1.5%	H2O2	in	phosphate-buffered	saline.	
A	fluorescein	isothiocyanate-labeled	goat	anti-mouse	Ly6-G	antibody	(Pharmingen,	San	Diego,	
CA)	 was	 used	 as	 primary	 antibody	 and	 a	 biotinylated	 rabbit	 anti-fluorescein	 isothiocyanate	
antibody	(DAKO,	Glostrup,	Denmark)	was	used	as	secondary	antibody.	Staining	was	developed	
using	 ABC	solution	 (DAKO)	 as	 staining	 enzyme	 and	 0.03%	 H2O2	 and	 3,3’-diaminobenzidine	

tetrahydrochloride	 (Sigma)	 in	 0.05	 M	 Tris	 pH	 7.6	 as	 substrate.	 Quantification	 of	 positively	
stained	cells	was	performed	on	coded	samples	by	counting	the	number	of	positively	stained	
cells	in	10	fields	at	a	magnification	of	25x.

Coagulation	 activation	 was	 assessed	 using	 immunohistochemical	 staining	 for	 fibrin	 on	
paraffin	slides	after	deparaffinization	and	rehydration	as	described	previously	 [25].	 In	short,	
formaldehyde-induced	cross-linking	was	disrupted	by	boiling	the	slides	in	0.01	M	citrate	buffer	
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(pH	6.0).	Next,	endogenous	peroxidase	activity	was	quenched	using	0.3%	H2O2	 in	methanol	
and	 non-specific	 binding	 was	 blocked	 with	TENG-T	 (10	 mM	Tris,	 5	 mM	 EDTA,	 0.15	 M	 NaCl,	
0.25%	 gelatin,	 0.05%	 (v/v)	 Tween	 20,	 pH	 8.0).	 As	 primary	 antibody,	 biotinylated	 goat	 anti-
mouse	 fibrinogen	 Ab	 (Accurate	 Chemical	 &	 Scientific	 Corporation,	 Westbury,	 NY,	 USA)	 was	
used.	ABC	solution	(DAKO,	Glostrup,	Denmark)	was	used	as	staining	enzyme.	We	used	0.03%	
H2O2	and	3,3’-diaminobenzidine	tetrahydrochloride	(Sigma	Chemical	Co.,	St.	Louis,	MO,	USA)	
in	 0.05	 M	Tris	 pH	 7.6	 as	 substrate.	To	 compare	 the	 degree	 of	 fibrin	 deposition	 between	 the	
individual	mice,	the	number	of	positively	stained	vessels	in	10	fields	at	a	magnification	of	25x	
was	counted.

Statistical analysis 
Data	 are	 expressed	 as	 median	 (25th	 percentile-75th	 percentile).	 Groups	 were	 compared	

using	Kruskal-Wallis	test.	Survival	curves	were	compared	by	log-rank	test.	A	value	of	p	<	0.05	
was	considered	to	represent	a	statistically	significant	difference.	

Results

Bacterial outgrowth is slightly influenced by the FVL genotype
To	obtain	insight	into	the	role	of	the	FVL	genotype	in	antibacterial	defense	during	peritonitis,	

we	compared	the	number	of	E. coli	CFUs	6	and	20h	after	infection	in	peritoneal	lavage	fluid	(the	
site	of	the	infection),	blood	(to	evaluate	to	what	extent	the	infection	became	systemic),	and	in	
liver,	lung,	kidney	and	spleen	(to	evaluate	to	which	extent	the	infection	was	disseminated)	of	
homozygous	and	heterozygous	FVL	mice	and	their	wildtype	littermates	(Figure	1).	Six	hours	
after	 administration	 of	 E. coli,	 bacterial	 outgrowth	 was	 higher	 in	 peritoneal	 lavage	 fluid	 of	
heterozygous	mice	than	of	wildtype	or	homozygous	FVL	mice	(4.1	[2.9-5.3],	2.5	[1.6-2.9]	and	
1.9	[1.35-2.4]	106	CFU/ml	for	heterozygous,	wildtype	and	homozygous	FVL	mice,	respectively).	
At	 other	 body	 sites	 no	 differences	 were	 found	 between	 the	 three	 genotypes	 6	 hours	 after	
administration	 of	 E. coli.	Twenty	 hours	 after	 administration	 of	 E. coli,	 bacterial	 outgrowth	 in	
peritoneal	lavage	fluid	was	higher	in	mice	carrying	the	FVL	mutation	than	in	wildtype	mice	(1.6	

[0.91-2.9],	2.9	[2.6-4.6]	and	3.0	[2.7-4.7]	109	CFU/ml	for	wildtype,	heterozygous	and	homozygous	
FVL	mice,	respectively).	In	blood,	liver,	lung,	kidney	and	spleen	bacterial	outgrowth	20	hours	
after	administration	of	E. coli	was	not	influenced	by	the	FVL	genotype.

FVL marginally influences the inflammatory response to peritonitis 
To	determine	whether	the	FVL	genotype	influences	the	peritonitis-induced	inflammatory	

response,	we	determined	leukocyte	infiltration	and	cytokine	release	into	the	peritoneal	cavity.	
As	shown	in	Table	1,	IL-6,	IL-10	and	TNF-α	levels	increased	after	E. coli	administration.	At	both	
6	hours	and	at	20	hours	after	induction	of	peritonitis	the	cytokine	levels	were	not	dependent	
on	the	FVL	genotype.	The	influx	of	leukocytes	into	the	peritoneal	cavity	did	not	depend	on	the	
FVL	genotype	at	either	time	point	(Table	1).
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As	E.coli	peritonitis	results	in	systemic	inflammation,	we	determined	the	influence	of	the	
FVL	genotype	on	levels	of	circulating	cytokines.	As	shown	in	Table	2,	IL-6,	IL-10,	IL-12p70,	TNF-
α,	MCP-1	and	IFN-γ	levels	were	not	significantly	different	dependent	on	the	genotype.	

Upon	 histopathologic	 examination,	 all	 mice	 displayed	 foci	 of	 liver	 necrosis	 associated	
with	thrombus	formation.	The	extent	of	 liver	necrosis	did	not	differ	between	the	genotypes	
(data	not	shown).	Inflammation,	as	characterized	by	adhesion	of	leukocytes	to	the	vessel	wall	

6h 20h 6h 20h

A B

C D

E F

6h 20h

6h 20h

6h 20h

6h 20h

Figure 1:	Bacterial	outgrowth	in	mice	after	intraperitoneal	injection	of	E. coli.	Bacterial	outgrowth	in	peritoneal	
lavage	fluid	(A),	blood	(B),	liver	(C),	lung	(D),	kidney	(E)	and	spleen	(F)	6	hours	(n=9	per	group)	and	20	hours	(n=11	
per	group)	after	i.p.	injection	of	104	CFU	E.	coli.	Wildtype	mice	(wt;	grey	bars),	mice	with	heterozygous	(hetero;	
striped	bars)	and	homozygous	(homo;	white	bars)	FV	Leiden	mutation.	Represented	are	medians,	25th	percentile,	
75th	percentile,	maximum	and	minimum	values.	*	P<0.05	(Kruskal-Wallis	test).



104

Chapter 8

Ta
bl

e 
1:

 C
yt

ok
in

e	
le

ve
ls

	in
	p

er
ito

ne
al

	la
va

ge
	fl

ui
d,

	TA
T	

co
m

pl
ex

es
	a

nd
	c

el
l	i

nfl
ux

	in
to

	p
er

ito
ne

al
	c

av
ity

	in
	m

ic
e	

af
te

r	i
nt

ra
pe

rit
on

ea
l	i

nj
ec

tio
n	

of
	E

. c
ol

i. 
 

t	=
	6

	h
ou

rs
t	=

	2
0	

ho
ur

s

W
T

FV
L 

+/
-

FV
L 

+/
+

W
T

FV
L 

+/
-

FV
L 

+/
+

IL
-6

 (n
g/

m
L)

0.
19

	[0
.1

1-
0.

31
]

0.
11

	[0
.0

7-
0.

32
]

0.
31

	[0
.1

8-
0.

44
]

2.
35

	[2
.1

0-
3.

41
]

2.
23

	[2
.1

5-
2.

48
]

2.
08

	[2
.0

3-
2.

44
]

IL
-1

0 
(p

g/
m

L)
<	

62
.5

<	
62

.5
<	

62
.5

13
1	

[8
0.

1-
26

3]
13

9	
[1

11
-1

89
]

10
1	

[7
1.

2-
15

0]

TN
F-

α 
(p

g/
m

L)
11

3	
[6

7.
2-

14
7]

69
.7

	[4
9.

8-
10

5]
10

8	
[8

2-
21

3]
15

2	
[9

6.
2-

20
0]

15
2	

[9
9.

7-
17

45
]

11
0	

[9
9.

7-
17

7]

G
ra

nu
lo

cy
te

In
flu

x 
(1

06	
ce

lls
/m

L)
5.

5	
[4

.3
-2

7]
4.

0	
[3

.0
-1

8]
3.

8	
[3

.2
-6

.4
]

10
.0

	 	[6
.4

-1
5]

12
.0

	 	[8
.0

-2
2]

12
.1

	 [7
.4

-1
9]

TA
T 

(n
g/

m
L)

19
.9

[9
.3

1-
37

.4
]

10
.4

[6
.5

5-
15

.8
]

12
.6

[8
.2

4-
29

.0
]

5.
72

[4
.9

3-
5.

78
]

3.
05

[2
.3

4-
3.

31
]

2.
76

[2
.6

1-
3.

39
]

D
at

a	
ar

e	
m

ed
ia

n	
[2

5th
	p

er
ce

nt
ile

-7
5th

	p
er

ce
nt

ile
] a

t	6
	(n

=9
	m

ic
e	

pe
r	g

en
ot

yp
e)

	o
r	2

0h
	(n

=1
1	

m
ic

e	
pe

r	g
en

ot
yp

e)
	a

ft
er

	i.
p.

	a
dm

in
is

tr
at

io
n	

of
	E

. c
ol

i	(
10

4 	C
FU

).	
D

iff
er

en
ce

s	
be

tw
ee

n	
th

e	
gr

ou
ps

	w
er

e	
no

t	s
ta

tis
tic

al
ly

	s
ig

ni
fic

an
t.	

Ta
bl

e 
2:

 C
yt

ok
in

e	
le

ve
ls

	in
	p

la
sm

a	
in

	m
ic

e	
af

te
r	i

nt
ra

pe
rit

on
ea

l	i
nj

ec
tio

n	
of

	E
. c

ol
i. 

t	=
	6

	h
ou

rs
t	=

	2
0	

ho
ur

s

W
T

FV
L 

+/
-

FV
L 

+/
+

W
T

FV
L 

+/
-

FV
L 

+/
+

Il-
12

p7
0

pg
/m

L
2.

75
[0

.4
3-

4.
60

]
4.

87
[4

.8
7-

14
.5

7]
5.

71
[3

.9
1-

7.
80

]
2.

93
[0

.7
9-

4.
53

]
2.

93
[0

.0
0-

6.
06

]
4.

81
[2

.9
2-

6.
42

]

TN
F-

α 
 (p

g/
m

L)
17

2.
8

[2
3.

6-
39

2.
9]

28
5.

6
[2

18
.7

-3
22

.6
]

31
3.

3
[2

49
.8

-4
45

.4
]

32
6.

6
[1

79
.2

-4
82

.3
]

36
3.

6
[3

06
.8

-4
10

.9
]

21
0.

4
[1

4.
6-

83
4.

8]

IF
N

 (p
g/

m
L)

1.
24

[0
.0

0-
3.

37
]

7.
76

[5
.9

9-
8.

46
]

3.
04

[2
.6

8-
7.

71
]

48
.2

[6
.1

-6
4.

2]
22

.1
[1

5.
9-

49
.4

]
30

.2
[1

.8
5-

94
.7

]

M
CP

-1
 (p

g/
m

L)
27

29
[4

77
.8

-3
89

6]
33

21
[3

16
2-

34
32

]
36

40
[3

32
1-

46
99

]
27

29
[2

48
2-

31
79

]
35

44
[2

89
6-

40
62

]
17

04
[7

7.
3-

36
31

]

IL
-1

0 
(p

g/
m

L)
62

.5
[2

4.
0-

37
7.

7]
14

.1
[1

1.
1-

19
.1

]
13

.9
[1

2.
8-

14
.1

]
92

.5
[1

0.
3-

45
4.

7]
12

4.
0

[9
9.

3-
19

7.
3]

21
8.

9
[5

4.
8-

37
7.

6]

IL
-6

 (p
g/

m
L)

36
5.

4
[7

1.
8-

54
1.

2]
77

1.
9

[7
46

.7
-8

23
.6

]
17

15
[1

13
4-

21
22

]
>	

50
00

>	
50

00
>	

50
00

TA
T 

(n
g/

m
L)

59
.2

[5
4.

3-
64

.1
]

64
.9

[6
1.

9-
69

.9
]

52
.8

[5
1.

6-
55

.7
]

3.
97

[3
.0

1-
4.

48
]

2.
57

[2
.2

9-
3.

11
]

4.
25

[2
.0

8-
5.

35
]

D
at

a	
ar

e	
m

ed
ia

n	
[2

5th
	p

er
ce

nt
ile

-7
5th

	p
er

ce
nt

ile
] a

t	6
	(n

=9
	m

ic
e	

pe
r	g

en
ot

yp
e)

	o
r	2

0h
	(n

=1
1	

m
ic

e	
pe

r	g
en

ot
yp

e)
	a

ft
er

	i.
p.

	a
dm

in
is

tr
at

io
n	

of
	E

. c
ol

i	(
10

4 	C
FU

).	
D

iff
er

en
ce

s	
be

tw
ee

n	
th

e	
gr

ou
ps

	w
er

e	
no

t	s
ta

tis
tic

al
ly

	s
ig

ni
fic

an
t.



105

Role of the FV Leiden mutation in septic peritonitis assessed in FV Leiden transgenic mice

and	 by	 influx	 of	 leukocytes,	 was	 evidently	 induced	 by	 peritonitis	 in	 all	 mice.	The	 degree	 of	
inflammation	 in	 liver	 and	 kidney	 did	 not	 differ	 between	 the	 different	 genotypes	 and	 their	
wildtype	littermates	(Figure	2).	At	6	hours	after	induction	of	peritonitis,	homozygous	FVL	mice	
showed	 reduced	 granulocyte	 influx	 into	 their	 lungs,	 whereas	 at	 20	 hours	 no	 differences	 in	
granulocyte	influx	were	evident.	

FVL does not influences coagulant response to peritonitis 
To	 determine	 whether	 the	 FVL	 genotype	 influences	 the	 peritonitis-induced	 coagulant	

response,	we	determined	TAT	complexes	in	both	PF	and	plasma.	As	shown	in	Table	1	and	2,	
there	were	no	differences	between	the	different	genotypes.	In	addition,	fibrin	deposition	in	the	
organs	(liver,	lung	and	kidney)	was,	although	omnipresent	especially	in	lung,	not	significantly	
different	between	the	FVL	genotypes.	

Figure 2:	Peritonitis-induced	changes	in	liver,	lung	and	kidney	histology	in	mice	after	intraperitoneal	injection	of	
E. coli.		Representation	of	the	degree	of	inflammation	(A:	6	hours	and	B:	20	hours)	or	fibrin	deposition	(C:	6	hours	
and	D:	20	hours)	in	liver,	lung	and	kidney	6	hours	(n=9	per	genotype	group)	and	20	hours	(n=11	per	genotype	
group)	after	 i.p.	 injection	of	104	CFU	 E. coli	 in	wildtype	 (grey	bars),	heterozygous	 (striped	bars)	and	FVL	mice	
(white	bars).	The	degree	of	inflammation	is	shown	as	the	number	of	cells	positively	stained	for	Ly-6G,	whereas	
fibrin	deposition	is	shown	as	the	number	of	positively	stained	vessels	(both	in	10	microscopy	fields	at	a	magni-
fication	of	25x).	Represented	are	medians,	25th	percentile,	75th	percentile,	maximum	and	minimum	values.	*P	<	
0.05	vs.	the	indicated	genotype	(Kruskal-Wallis	tests).
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FVL does not influence survival 
To	 investigate	 the	 role	 of	 the	 FVL	 genotype	 on	 the	 outcome	 of	 peritonitis,	 we	 performed	

survival	studies.	No	difference	in	mortality	rate	was	seen	between	the	three	genotypes	(Figure	3).

Discussion

Genetic	analysis	of	FVL	carriership	in	septic	patients	of	the	PROWESS	and	ENHANCE	study	
combined	 with	 animal	 data	 from	 a	 FVL	 endotoxemia	 model	 suggested	 that	 heterozygous	
carriers	of	the	FVL	allele	would	be	protected	against	sepsis	[17-19].	Our	data,	however,	do	not	
confirm	these	findings	and	question	the	general	beneficial	effect	of	FVL	in	sepsis.	

In	 the	 current	 study,	 we	 investigated	 whether	 the	 murine	 FVL	 allele	 influences	 septic	
peritonitis	 by	 challenging	 wildtype	 and	 FVL	 (either	 heterozygous	 or	 homozygous)	 mice	
with	 live	 E. coli.	Overall,	 the	FVL	genotype	had	no	effect	on	bacterial	outgrowth,	markers	of	
inflammation,	thrombin	generation	and	survival.	Small	differences	between	the	groups	were	
observed	(i.e.	 increased	bacterial	outgrowth	in	peritoneal	lavage	fluid	of	heterozygous	mice	
at	6	hours,	lower	bacterial	outgrowth	in	peritoneal	lavage	fluid	of	wildtype	mice	at	20	hours,	
and	reduced	granulocyte	influx	into	the	lungs	of	homozygous	FVL	mice	at	6	hours);	however,	
these	small	differences	are	not	consistent	over	time	and	importantly	did	not	influence	survival.	
Whether	these	differences	are	merely	the	result	of	chance	findings	or	reflect	actual	delicate	
differences	in	the	response	of	FVL	genotypes	to	septic	peritonitis	remains	elusive.	

As	indicated	above,	the	suggestion	that	heterozygous	carriers	of	the	FVL	allele	would	be	
protected	 against	 sepsis	 is	 largely	 based	 on	 the	 PROWESS	 study	 [17].	 In	 this	 study,	 32	 FVL	

Figure 3:	Septic	peritonitis-induced	mortality	in	mice	after	intraperitoneal	injection	of	E. coli.	Survival	after	i.p.	
infection	with	104	CFU	E. coli	in	wildtype	mice	(closed	squares),	heterozygous	mice	(asterix)	and	FVL	mice	(open	
squares)	(n=10	for	wildtype	and	homozygous	FVL	mice	and	n=11	for	heterozygous	FVL	mice).	Differences	bet-
ween	the	groups	were	not	statistically	significant	(log-rank	test).	
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carriers	and	768	non-carriers	were	placebo	treated	and	of	 these	patients	5	FVL	carriers	and	
243	 non-carriers	 died	 within	 the	 study	 interval	 of	 28	 days,	 leading	 to	 a	 relative	 risk	 of	 0.41	
(95%	confidence	interval,	0.16-1.08)	in	favor	of	FVL	carriers	[18].	Including	both	placebo	and	
APC	treated	patients,	 thereby	 increasing	sample	size,	marginally	affects	 the	relative	risk	but	
significantly	improves	confidence	(0.42;	95%	confidence	interval	0.20-0.48).	In	order	to	confirm	
these	 data,	 the	 ENHANCE	 study	 determined	 the	 relative	 risk	 of	 FVL	 carriership	 for	 sepsis	
showing	 a	 similar	 trend	 [19].	 Pooling	 the	 PROWESS	 and	 ENHANCE	 data	 to	 further	 increase	
samples	size	results	in	a	relative	risk	of	0.82	(95%	confidence	interval,	0.57-1.17).	Overall	these	
data	indeed	show	a	trend	towards	increased	survival	of	FVL	carriers	in	septic	disease;	however,	
the	numbers	of	FVL	carriers	are	rather	small	and	the	effect	is	not	statistically	significant	[19].	
In	a	recent	population-based	study,	the	FVL	mutation	has	been	suggested	to	be	associated	
with	infectious	disease	susceptibility	and	an	increased	risk	of	mortality	from	sepsis	[21].	This	
suggestion	is	based	on	the	notion	that	FVL	carriers	had	more	skin	infections	and	increased	28-
day	mortality	when	suffering	from	sepsis.	However,	FVL	carriership	did	not	influence	the	risk	for	
several	other	types	of	infection	(such	as	pneumonia	and	viral	infections),	whereas	it	increased	
the	 risk	 of	 urinary	 tract	 infections.	 Future	 large	 epidemiologic	 studies	 would	 therefore	 be	
needed	to	prove	or	refute	the	association	between	FVL	carriership	and	sepsis	although	our	
murine	study	does	not	provide	a	rationale	for	such	studies.

Of	 course,	 many	 differences	 between	 murine	 experiments	 as	 the	 ones	 described	 in	 this	
article	and	clinical	 studies	might	explain	 the	discrepancy	between	the	 results.	For	 instance,	
the	murine	study	was	performed	on	healthy,	relatively	young	mice,	while	the	average	age	of	
patients	in	human	population	was	63	years	[17].		More	important,	we	used	an	inbred	mouse	
strain	in	which	we	induced	sepsis	by	peritoneal	infection,	while	the	patients	included	in	the	
clinical	studies	formed	a	very	heterogeneous	group	both	with	regard	to	ethnic	background,	
gender;	 pre-existing	 medical	 conditions	 like	 diabetes,	 malignancies,	 hypertension	 and	 lung	
disease;	and	underlying	cause	of	sepsis	 (both	site	and	type	of	 infection).	Finally,	all	patients	
received	extensive	medical	treatment,	including	antibiotics,	whereas	the	mice	were	obviously	
not	treated.

Kerlin	and	colleagues	[18]	studied	the	effect	of	the	FVL	allele	during	mouse	endotoxemia	and	
quite	surprisingly	showed	a	beneficial	effect	of	heterozygous	FVL	mice	(but	not	homozygous	
FVL	mice)	on	survival.	Remarkably,	the	beneficial	effect	of	a	single	FVL	allele	was	only	evident	
at	 doses	 of	 endotoxin	 producing	 death	 in	 approximately	 50%	 of	 the	 animals	 [8].	 At	 higher	
or	 lower	 doses	 of	 endotoxin	 the	 survival	 advantage	 of	 FVL	 was	 abolished.	The	 discrepancy	
between	the	endotoxemia	study	and	our	study	might	reflect	intrinsic	differences	of	the	models	
used.	The	endotoxemia	model	employs	part	of	the	outer	membrane	of	Gram-negative	bacteria	
whereas	our	model	employs	live	bacteria.	If	the	FVL	allele	(partly)	prevents	endotoxin-induced	
inflammation	but	does	not	affect	outgrowth	and/or	dissemination	of	bacteria,	the	beneficial	
effect	might	be	lost	in	a	septic	peritonitis	model.

Several	issues	should	be	kept	in	mind	when	interpreting	our	data.	First,	in	the	present	study	
we	 used	 a	 virulent,	 invasive	 E. coli	 strain	 that,	 after	 intraperitoneal	 injection,	 rapidly	 enters	
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the	 circulation	 [24].	Therefore,	 our	 model	 results	 in	 early	 systemic	 infection,	 mimicking	 the	
condition	of	severe	abdominal	sepsis.	As	a	consequence,	we	cannot	generally	conclude	that	
FVL	does	not	the	influence	the	outcome	of	peritonitis.	For	this,	the	effect	of	FVL	should	also	
be	investigated	in	other	models	of	abdominal	infection	such	as	that	induced	by	cecal	ligation	
and	puncture	or	by	local	instillation	of	an	infected	clot.	Second,	bacteria	were	administered	in	
the	absence	of	concurrent	antibiotic	therapy,	and,	therefore,	our	data	do	not	provide	insight	
into	the	effects	of	FVL	in	septic	mice	treated	with	antibiotics.	Future	studies	of	FVL	mice	that	
induce	sepsis	originating	at	different	body	sites	or	induced	by	different	pathogens	(either	in	
the	 presence	 or	 absence	 of	 antibiotics)	 should	 help	 elucidating	 the	 actual	 benefit	 of	 a	 FVL	
allele.	

Conclusions

We	 sought	 to	 confirm	 the	 survival	 advantage	 in	 sepsis	 conferred	 by	 a	 FVL	 allele	 by	
subjecting	wild-type,	heterozygous,	and	homozygous	FVL	mice	to	septic	peritonitis.	Our	data,	
however,	do	not	confirm	a	beneficial	role	of	the	FVL	allele	and	question	the	general	beneficial	
effect	of	FVL	in	sepsis.
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Abstract

Alternatively	 spliced	 tissue	 factor	 (asTF)	 has	 recently	been	 described	 in	 humans	 to	 be	 a	
soluble	isoform	of	tissue	factor	(TF),	which	is	present	in	blood.	However,	the	existence	of	asTF	is	
raising	controversy	in	the	field	of	haemostasis	because	active	TF	within	the	bloodstream	would	
lead	to	massive	intravascular	thrombosis.	Therefore	the	existence	and	biological	role	of	asTF	
has	been	disputed	ever	since	its	discovery.

	 The	 objective	 of	 this	 study	 was	 to	 prove	 or	 refute	 the	 significance	 of	 asTF	 in	 (patho)	
physiology.	

We	 investigated	whether	asTF	 is	present	 in	mice.	To	assess	the	potential	 involvement	of	
asTF	 in	 (patho)physiology,	 we	 determined	 the	 effect	 of	 Streptococcus Pneumoniae	 infection	
and	acute	arterial	thrombosis	on	asTF	levels	in	mice.		

We	 show	 that	 mice	 also	 express	 a	 soluble	 TF	 variant	 lacking	 exon	 5	 and	 thus	 the	
transmembrane	 region.	 This	 murine	 asTF	 contains	 a	 novel	 C-terminus	 of	 94	 amino	 acids	
leading	to	a	protein	of	291	amino	acids.	The	C-terminus	of	murine	asTF	shares	strong	homology	
with	human	asTF,	 is	54	amino	acids	 longer	and	has	no	significant	homology	with	any	other	
protein	in	the	NCBI	database.	Murine	asTF	is	expressed	in	lung	tissue,	 in	which	it	 is	 induced	
by	S. Pneumoniae	infection.	Furthermore,	murine	asTF	is	present	in	plasma	and	can	be	found	
throughout	arterial	blood	clots	induced	by	FeCl3.

	The	finding	that	mice	produce	asTF,	which	is	induced	by	Streptococcus Pneumoniae	and	is	
omnipresent	in	blood	clots,	strongly	suggest	an	important	role	for	asTF	in	(patho)physiology.	
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Introduction

In	 the	 traditional	 view	 of	 blood	 coagulation,	 vascular	 injury	 leads	 to	 the	 exposure	 of	
extravascular	membrane	bound	tissue	factor	(TF)	to	the	blood	stream	thereby	initiating	blood	
clot	formation.	Essential	in	this	model	of	haemostasis	is	that	TF	is	normally	not	in	contact	with	
blood	as	 it	 resides	 in	the	adventitial	 lining	of	blood	vessels.	Recently,	however,	a	soluble	TF	
variant,	which	is	derived	by	alternative	splicing	of	the	TF	mRNA,	has	been	described	in	humans	
[1].	This	alternatively	spliced	tissue	factor	(asTF)	lacks	the	transmembrane	domain,	possesses	a	
unique	3’	peptide	sequence,	is	present	in	plasma	and	seems	biologically	active,	albeit	in	high	
concentrations.	

Since	its	first	description,	several	groups	proceeded	to	unravel	the	physiological	importance	
of	 this	 soluble	 TF	 variant.	 To	 this	 end,	 it	 has	 been	 shown	 that	 asTF	 is	 upregulated	 in	 human	
squamous-cell	 carcinoma	 which	 might	 lead	 to	 an	 increased	 risk	 of	 acute	 thrombotic	 events	
and	 poor	 prognosis	 of	 patients	 suffering	 from	 squamous-cell	 carcinoma	 [2].	 On	 the	 contrary,	
HCT116	colorectal	carcinoma	and	A431	squamous-cell	carcinoma	cells	mainly	shed	TF	containing	
microparticles	but	not	the	asTF	isoform	into	the	culture	medium	[3].	Recently,	asTF	was	shown	to	
be	present	in	cardiomyocytes	of	the	right	ventricular	septum	and	the	expression	level	of	asTF	was	
down-regulated	in	the	myocardium	of	dilated	cardiomyopathy	(DCM)	patients	[4].	Whether	down-
regulation	of	asTF	impairs	the	structural	integrity	of	the	myocardial	muscle	thereby	leading	to	DCM	
remains	elusive.	Finally,	islets	of	Langerhans	from	the	pancreas,	intended	for	islet	transplantation	in	
diabetes	type	1	express	asTF,	next	to	full-length	TF	[5].	As	consequence	of	TF	expression	an	instant	
blood	mediated	inflammatory	reaction	(IBMIR)	after	clinical	islet	transplantation	may	occur.

The	biological	procoagulant	activity	of	asTF,	as	suggested	initially	[1],	has	been	disputed	ever	
since	its	discovery	[6]	mainly	because	active	TF	within	the	bloodstream	would	lead	to	massive	
intravascular	 thrombosis.	 Indeed,	 only	 microparticle	 associated	 full-length	 TF	 obtained	 from	
patients	with	coronary	artery	disease	was	shown	to	exhibit	procoagulative	properties,	whereas	
soluble	TF	had	procoagulant	activity	[7].	Further	controversy	as	to	the	biological	activity	of	asTF	
was	raised	by	observations	that	asTF	expressed	and	released	from	endothelial	cells	in	response	to	
inflammatory	cytokines	has	procoagulant	activity	[8].

In	 order	 to	 prove	 or	 refute	 the	 significance	 of	 asTF,	 we	 hypothesized	 that	 if	 it	 were	
physiologically	relevant	it	should	be	present	in	other	species	as	well.	In	this	study,	therefore,	we	
investigated	whether	asTF	is	present	 in	mice.	Moreover,	to	assess	the	potential	 involvement	of	
asTF	in	(patho)physiology,	we	determined	the	effect	of	Streptococcus Pneumoniae	infection	and	
acute	arterial	thrombosis	on	asTF	levels	in	mice.		

Materials and methods

Animal experiments
All	animal	experiments	were	approved	by	the	Committee	on	Use	and	Care	of	Animals	of	

the	Academic	Medical	Center,	Amsterdam,	The	Netherlands.
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Induction of pneumonia
Pneumococcal	 pneumonia	 was	 induced	 as	 described	 previously	 [9,10].	 Briefly,	 S. 

pneumoniae,	serotype	3,	obtained	from	American	Type	Culture	Collection	(ATCC	6303;	Rockville,	
MD),	were	grown	for	6	hours	to	midlogarithmic	phase	at	37°C	using	Todd-Hewitt	broth	(Difco,	
Detroit,	MI),	harvested	by	centrifugation	at	1500xg	for	15	minutes,	and	washed	twice	in	sterile	
isotonic	saline.	Bacteria	were	then	resuspended	in	sterile	isotonic	saline	at	approximately	1.107	
colony	 forming	 units	 (CFU)/ml,	 as	 determined	 by	 plating	 serial	 10-fold	 dilutions	 on	 sheep-
blood	 agar	 plates.	 Eight	 weeks	 old	 C57/Bl6	 mice	 were	 lightly	 anesthesized	 by	 inhalation	 of	
isoflurane	(Abott,	Queensborough,	Kent,	UK),	and	50	μl	of	bacterial	suspension	was	inoculated	
intranasally,	corresponding	with	5.105	CFU	S. pneumoniae.

Preparation of lung homogenates
Twenty	hours	after	inoculation,	mice	were	anesthesized	by	intraperitoneal	injection	with	

Hypnorm®	(Janssen	Pharmaceutica,	Beerse,	Belgium)	and	midazolam	(Roche,	Mijdrecht,	The	
Netherlands),	and	blood	was	collected	from	the	inferior	caval	vene.	Whole	lungs	were	harvested	
and	 homogenized	 at	 4°C	 in	 5	 volumes	 of	 sterile	 isotonic	 saline	 with	 a	 tissue	 homogenizer	
(Biospect	Products,	Bartlesville,	UK).

RNA isolation
Total	 RNA	 was	 isolated	 from	 snap	 frozen	 tissue	 using	 guanidine	 isothiocyanate	 (Trizol®;	

Gibco,	Carlsbad,	CA,	USA)/chloroform	extraction	followed	by	precipitation	with	2-propanol	as	
described	previously	[11].

RT-PCR
Full-length	 and	 alternatively	 spliced	 TF	 mRNA	 levels	 were	 measured	 using	 quantitative	

real-time	 PCR	 using	 Light	 Cycler	 technology	 (Roche	 Molecular	 Biochemicals,	 Alameda,	
CA,	 USA)	 with	 SYBR	 Green	 II	 detection	 using	 standard	 software	 for	 quantification	
as	 recommended	 by	 the	 manufacturer.	 Primers	 for	 TF	 (forward:	 5’-GGAAAGGCTCA	
AGCACAGGAAA-3’	and	reverse:	5’-CAGGAAACTCTTCCATTGCTCTGTG-3’)	and	asTF	(forward:	5’-
GCACGGGAAAGAAACACTCATCATTG-3’	 	 and	 reverse:	 5’-CTCCGCAACAGTGCCGTGCAGGCAG-
3’)	were	chosen	based	on	the	murine	TF	mRNA	sequence	(Genbank	accession	number	NM_
010171).	Amplification	products	were	also	analyzed	on	a	2%	agarose	gel.	Expression	levels	were	
normalized	to	the	expression	level	of	GAPDH	mRNA	(forward:	5’-CTCATGACCACAGTCCATGC-3’	
and	reverse:	5’-CACATTGGGGGTAGGAACAC-3’).

Induction of asTF antibodies in rabbits
New	Zealand	White	female	rabbits	(Harlan,	SPF)	were	used	to	develop	rabbit	anti-mouse		

asTF	antibodies.	Before	injection	of	the	Freund’s	Complete	Adjuvant	mixture,	pre-immune	serum	
was	taken.	The	rabbits	were	immunized	with	a	mixture	of	500	µl	Freund’s	Complete	Adjuvant	
and	two	different	synthetic	murine	asTF	peptides	(peptide	1:	CXX-RRAWHRGKAEAANAH	and	
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peptide	2:	CXX-ASAERTERDRKGRT)	coupled	to	the	carrier	hemocyanin	keyhole	limpet	(KLH)	by	
subcutaneous	injection	(2x	0,5	ml)	on	the	back	and	intramuscular	injection	in	the	hind	legs	(2x	
0,5	ml)	.	After	8	weeks	test-serum	was	taken	and	the	rabbits	were	boosted	after	3	months	with	
the	peptide-KLH	complex	in	presence	of	Freund’s	Incomplete	Adjuvant.	

Arterial thrombosis
Mice	were	anesthetized	by	intraperitoneal	injection	of	70	μl/kg	body	weight	FFM	mixture	

(Fentanyl	 (0.315	 mg/ml)-	 Fluanisone	 (10	 mg/ml)	 (Janssen	 Pharmaceutical,	 Beerse,	 Belgium),	
Midazolam	(5	mg/ml)	(Roche,	Mijdrecht,	The	Netherlands)).	Body	temperature	was	monitored	
with	a	 rectal	probe	and	maintained	at	37°C	±	1°C	via	a	heating	pad	and	a	halogen-heating	
lamp.	During	anesthesia,	oxygen	(1	L/min)	was	supplemented	via	a	tube	placed	at	the	nose	of	
the	mouse.	Acute	arterial	thrombosis	was	induced	by	application	of	ferric	chloride	(25%	FeCl3)	
to	 the	 left	 carotid	 artery,	 as	 described	 [12]	 resulting	 in	 the	 formation	 of	 platelet	 and	 fibrin-
rich	thrombi	 [13].	At	 the	end	of	 the	arterial	 thrombosis	experiment,	 the	 left	carotid	arteries	
were	formalin-fixed,	embedded	in	paraffin	and	sectioned.	For	immunohistochemical	analysis	
paraffin	 sections	 of	 4	 μm	 were	 deparaffinized	 and	 rehydrated.	Thrombus	 composition	 was	
evaluated	using	haematoxylin-eosin	staining.	For	detection	of	asTF	expression,	sections	were	
incubated	with	1.5	%	H2O2	in	PBS	for	20	minutes	and	then	blocked	with	TENG-T	(10mM	Tris,	5	
mM	EDTA,	0.15	M	NaCl,	0.25%	gelatin,	0.05%	(vol/vol)	Tween-20%,	pH	8.0)	for	30	minutes	at	
room	temperature. Thereafter	sections	were	washed	and	incubated	with	primary	antibodies	
against	asTF	overnight	at	4°C.	After	washing,	goat	anti-rabbit	(DAKO	A/S,	Glostrup,	Denmark)	
was	used	as	the	secondary	antibody	in	a	1:250	dilution	for	1	hour	at	room	temperature. Next,	
the	sections	were	incubated	with	SABC	complex	(DAKO	A/S)	for	one	hour	at	room	temperature,	
and	washed.	Enzyme	activity	was	detected	with	AEC	(Sigma	Chemical	Co.,	St.	Louis,	MO,	USA)	
after	incubation	for	5	minutes.	

Western Blotting
Samples	were	resuspended	in	SDS-PAGE	sample	buffer	and	incubated	for	5	minutes	at	95°C,	

after	which	they	were	loaded	onto	SDS-PAGE	and	subsequently	transferred	to	a	polyvinylidine	
difluoride	 membrane	 (Immobilon-P,	 Millipore	 Corp,	 Bedford,	 MA,	 USA)	 membrane.	 The	
membranes	 were	 blocked	 with	 Tris-buffered	 saline	 (TBS),	 supplemented	 with	 0.1%	 tween-
20	 (wash	 buffer)	 and	 1%	 low-fat	 milk	 powder,	 and	 incubated	 with	 primary	 antibodies	 over	
night	 at	 4°C,	 diluted	 1:1000	 in	 wash	 buffer.	 Subsequently,	 the	 membranes	 were	 incubated	
with	 a	 horse	 radish	 peroxidase-conjugated	 secondary	 antibody	 in	 wash	 buffer,	 containing	
1%	 low-fat	 milk	 powder.	 The	 bands	 were	 visualized,	 using	 Lumilight	 plus®	 ECL	 substrate	
and	a	chemiluminescence	detector	with	a	cooled	CCD-camera	 (Genegnome)	 from	Syngene	
(Cambridge,	UK).	
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Results

As	 in	 humans	 asTF	 is	 mainly	 expressed	 in	 lung	 tissue,	 we	 performed	 RT-PCR	 on	 murine	
cDNA	collected	from	lung	homogenates,	using	primers	in	exons	4	and	6	spanning	the	proposed	
alternatively	spliced	region.	Indeed,	a	specific	PCR	product	lacking	exon	5	was	detected	(data	
not	shown).	As	shown	in	figure	1a,	the	novel	C-terminus	of	murine	asTF	is	94	amino	acids	long	
leading	to	a	protein	of	291	amino	acids	(as	compared	to	the	294	amino	acid	full	length	TF).	As	
shown	in	figure	1b,	the	C-terminus	of	murine	asTF	shares	strong	homology	with	human	asTF	
(51%	versus	55%	homology	between	full-length	murine	and	human	TF)	but	is	54	amino	acids	
longer.	Homology	searches	with	the	C-terminus	of	murine	asTF	using	the	NCBI	database	did	
not	result	in	any	significant	homologies.

TF	 plays	 a	 crucial	 role	 in	 several	 (patho)physiological	 processes,	 including	 inflammation	
and	infection	[14].	To	assess	the	potential	 importance	of	asTF	in	inflammatory	disease,	mice	
were	 intranasally	 infected	 with	 S. pneumoniae.	 As	 shown	 in	 figure	 2,	 asTF	 mRNA	 levels	 in	
lung	homogenates	of	infected	mice	were	about	two-fold	increased	compared	to	uninfected	

A

Full-length    MAILVRPRLLAALAPTFLGCLLLQVTAGAGIPEKAFNLTWISTDFKTILEWQPKPTNYTY 60 
asTF           MAILVRPRLLAALAPTFLGCLLLQVTAGAGIPEKAFNLTWISTDFKTILEWQPKPTNYTY 60 
               ************************************************************ 

Full-length    TVQISDRSRNWKNKCFSTTDTECDLTDEIVKDVTWAYEAKVLSVPRRNSVHGDGDQLVIH 120 
asTF           TVQISDRSRNWKNKCFSTTDTECDLTDEIVKDVTWAYEAKVLSVPRRNSVHGDGDQLVIH 120 
               ************************************************************ 

Full-length    GEEPPFTNAPKFLPYRDTNLGQPVIQQFEQDGRKLNVVVKDSLTLVRKNGTFLTLRQVFG 180 
asTF           GEEPPFTNAPKFLPYRDTNLGQPVIQQFEQDGRKLNVVVKDSLTLVRKNGTFLTLRQVFG 180 
               ************************************************************ 

Full-length    KDLGYIITYRKGSSTGKKTNITNTNEFSIDVEEGVSYCFFVQAMIFS-RKTNQNSPGSST 39 
asTF           KDLGYIITYRKGSSTGKKHSSLWEQWCSWPPSLSSSCPYLCASAERTERDRKGRTPRRAW 240 
               ******************         *       *            *      *  

Full-length    VCTEQWKSFLGETLIIVGAVVLLATIFIILLSISLCKRRKNRAGQKGKNTPSRLA 294 
asTF           HRGKAEAANAHTACTALLRRALMGTVQHGAWSLPILAQRGCLHGLLLQLTL---- 291 
                                      *  *      *      *    *     * 

B

Human_asTF     METPAWPRVPRPETAVARTLLLGWVFAQVAGASGTTNTVAAYNLTWKSTNFKTILEWEPK 60 
murine_asTF    MAILVRPRL----LAALAPTFLGCLLLQVTAGAGIP--EKAFNLTWISTDFKTILEWQPK 54 
               *     **      *      **    **    *      * **** ** ******* ** 

Human_asTF     PVNQVYTVQISTKSGDWKSKCFYTTDTECDLTDEIVKDVKQTYLARVFSYPAGN-VESTG 119 
murine_asTF    PTNYTYTVQISDRSRNWKNKCFSTTDTECDLTDEIVKDVTWAYEAKVLSVPRRNSVHGDG 114 
               * *  ******  *  ** *** ****************   * * * * *  * *   * 

Human_asTF     -----SAGEPLYENSPEFTPYLETNLGQPTIQSFEQVGTKVNVTVEDERTLVRRNNTFLS 174 
murine_asTF    DQLVIHGEEPPFTNAPKFLPYRDTNLGQPVIQQFEQDGRKLNVVVKDSLTLVRKNGTFLT 174 
                       **   * * * **  ****** ** *** * * ** * *  **** * ***  

Human_asTF     LRDVFGKDLIYTLYYWKSSSSGKKYSTSLELWYLWSSSLSSSWLYLYTSVERQEWGRAG- 233 
murine_asTF    LRQVFGKDLGYIITYRKGSSTGKKHSSLWEQWCSWPPSLSSSCPYLCASAERTERDRKGR 234 
               ** ****** *   * * ** *** *   * *  *  *****  **  * ** *  * *  

Human_asTF     --RRTPH-------------------------------------------------- 238 
murine_asTF    TPRRAWHRGKAEAANAHTACTALLRRALMGTVQHGAWSLPILAQRGCLHGLLLQLTL 291 
                 **  *                                                   

Figure 1: Alignment	of	murine	asTF	with	full-length	murine	TF	(A)	or	human	asTF	(B).	The	novel	C-terminus	of	
asTF	resulting	from	alternative	splicing	of	exon	5	is	underlined,	whereas	homologous	amino	acids	are	indicated	
by	asterixes.	The	alignment	was	performed	using	ClustalW.	
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controls.	 S.	 pneumoniae	 infection	 also	 induced	 full	 length	 TF	 mRNA	 levels	 about	 two-fold,	
indicating	that	no	differential	upregulation	of	the	splice	variant	took	place	(figure	2).	

To	 confirm	 the	 presence	 of	 asTF	 in	 mice,	 we	 raised	 and	 validated	 two	 rabbit	 polyclonal	
antibodies	 against	 the	 unique	 C-terminal	 amino	 acid	 sequence	 of	 asTF.	 As	 shown	 in	 figure	
3a,	 using	 the	 antibody	 raised	 against	 peptide-1	 we	 were	 able	 to	 detect	 asTF	 in	 murine	
plasma.	Competition	experiments	with	peptide-1	reduced	detection	of	plasma	asTF,	whereas	
competition	 with	 peptide-2	 did	 not	 impair	 detection	 (figure	 3b).	 As	 shown	 in	 figure	 4,	 S.	
pneumoniae	 infection	induced	circulating	asTF	protein	levels,	thereby	confirming	the	mRNA	
data.	

To	 further	 investigate	 the	 potential	 biological	 importance	 of	 murine	 asTF,	 we	 induced	
vessel	injury	and	subsequent	acute	arterial	thrombosis	in	mice	by	application	of	ferric	chloride	
(25%	FeCl3)	to	the	left	carotid	artery	[12].	As	shown	in	figure	5,	immunohistochemical	staining	

Figure 2:	Both	asTF	and	full-length	TF	mRNA	levels	are	induced	by	S. pneumoniae	(s.p.)	infection.	Mean	±	SEM	
(n=8)	of	asTF,	p=0.0013	(A)	and	full-length	(tTF),	p=0,014	(B)	TF	mRNA	levels	and	of	the	ratio	between	asTF	and	
tTF,	p=0.63	(C)	levels	in	lung	20	hours	after	S. pneumoniae	infection.

Figure 3: Murine	plasma	contains	asTF.	A)	Western	blot	of	three	independent	plasma	samples	probed	with	either	
pre-immuun	serum	or	immune	serum	raised	against	asTF	specific	peptide	1.	B)	Pre-incubation	of	murine	plasma	
with	asTF	specific	peptide	1	(10	µg)	blocks	asTF	detection	whereas	pre-incubation	with	asTF	specific	peptide	2	
(10	µg)	does	not	block	asTF	detection	using	peptide	1.

A

B

A B C
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of	 the	platelet	and	fibrin-rich	 thrombus	 for	asTF	showed	profound	staining	 throughout	 the	
blood	clot.	Again	this	suggests	an	important	role	of	asTF	in	(patho)physiology.

Discussion

Alternatively	spliced	human	tissue	factor	(asHTF)	has	recently	been	described	to	be	a	soluble	
isoform	of	TF,	which	 is	present	in	blood	 [1].	However,	 the	existence	of	 (active)	asTF	 is	 raising	
controversy	in	the	field	of	haemostasis	because	active	TF	within	the	bloodstream	would	lead	to	
massive	intravascular	thrombosis.	Therefore	the	existence	and	biological	role	of	asTF	has	been	
disputed	ever	since	its	discovery	[6,	15].	In	the	current	study,	we	show	that	mice	also	express	
a	soluble	TF	variant	 lacking	exon	5	and	thus	 the	 transmembrane	region.	This	murine	asTF	 is	
expressed	in	lung	tissue,	in	which	it	is	induced	by	S. Pneumoniae	infection.	Furthermore,	murine	
asTF	is	present	in	plasma	and	can	be	found	throughout	arterial	blood	clots	induced	by	FeCl3.

Figure 4: asTF	protein	levels	are	induced	by	S. pneumoniae	(s.p.)	infection.	Mean	±	SEM	(n=4)	of	asTF	levels	in	
plasma	20	hours	after	S. pneumoniae	infection; p=0.029.

Figure 5:	Murine	carotid	artery	clots	stained	for	alternatively	spliced	tissue	factor.	The	picture	on	the	left	shows	
staining	with	pre-immune	serum	as	negative	control.	In	the	right	panel,	asTF	staining	using	an	antibody	raised	
against	asTF	specific	peptide1	is	depicted.	Indicated	by	arrows	is	the	presence	of	asTF	throughout	the	clot.	(For 
color figure see page 195)
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Originally	asTF	was	shown	to	be	present	in	human	tissues,	plasma	and	to	be	incorporated	
into	thrombi.	More	recently,	endothelial	and	epithelial	cells	as	well	as	leukocytes	and	several	
cancer	 cell	 lines	 [8,	 16]	 were	 documented	 as	 possible	 sources	 for	 asTF.	 However,	 whether	
the	 alternatively	 spliced	 TF	 variant	 is	 of	 biological	 relevance	 or	 is	 just	 a	 coincidental	 and	
irrelevant	byproduct	remains	a	matter	of	debate.	Our	observations	that	mice	express	a	similar	
alternatively	 spliced	 TF	 variant	 (lacking	 exon	 5)	 argues	 against	 the	 notion	 that	 it	 is	 just	 a	
coincidental	byproduct.	In	addition,	the	fact	that	mice	express	asTF	facilitates	future	research	
into	its	physiological	relevance	using	mice	as	model	system.

TF	is	known	to	play	an	important	role	in	inflammatory	disease	and	inhibition	of	TF	prevents	
lethal	 disease	 [17-20].	The	 potential	 role	 of	 asTF	 in	 inflammation	 remains	 elusive.	 Our	 data,	
showing	 that	 asTF	 levels	 increase	 after	 intranasal	 inhalation	 of	 S.	Pneumoniae,	 suggest	 that	
asTF	might	play	a	role	in	inflammatory	processes.	Indeed,	endothelial	cells	treated	with	pro-
inflammatory	 cytokines	 express	 and	 secrete	 functional	 (i.e.	 coagulant)	 asTF	 [8].	 However,	 in	
lungs	of	infected	mice	full	length	TF	is	induced	to	a	similar	extent	as	asTF	(figure	2).	In	addition,	
pro-inflammatory	cytokines	also	induce	full	length	TF	in	endothelial	cells	[21,	22],	however	the	
relative	induction	of	full	length	versus	asTF	is	not	yet	known.	Although	asTF	is	not	differentially	
regulated	during	infection,	the	induction	by	infectious	and	inflammatory	agents	indicates	that	
asTF	should	be	taken	into	account	in	models	studying	the	cross	talk	between	coagulation	and	
inflammation.

Human	asTF	has	been	shown	to	be	present	in	arterial	thrombi,	but	as	already	mentioned	
its	 intravascular	 presence	 raises	 controversy.	 Our	 data	 confirm	 the	 presence	 of	 asTF	 in	
arterial	 thrombi,	 thus	establishing	a	potential	 role	 in	coagulation	related	(patho)physiology.	
Soluble	TF	is	a	potent	activator	of	coagulation	[23],	although	other	data	do	not	confirm	these	
observations	[7],	and	thus	one	would	expect	asTF	to	cause	massive	intravascular	thrombosis.	
However,	both	the	human	and	our	mice	experiments	argue	against	asTF	induced	massive	and	
lethal	thrombosis	suggesting	regulatory	mechanisms.	It	could	be	that	asTF	is	scavenged	from	
circulating	FXa	(as	the	interaction	between	TF/FVIIa	and	FXa	needs	phospholipids)	or	it	could	
be	that	under	physiological	circumstances	asTF	has	limited	procoagulant	activity	compared	to	
full	length	TF	[1,	3]	thereby	even	preventing	massive	thrombosis.	In	this	view,	asTF	behaves	as	
an	inhibitor	of	coagulation	rather	than	an	activator	[6].

Although	the	presence	of	soluble	TF	in	blood	remains	puzzling,	we	believe	that	our	mouse	
data	are	in	favour	of	an	important	biological	role.	Obviously,	this	biological	role,	be	it	stimulating	
thrombus	growth	[1]	or	inhibiting	this	process	[6]	needs	further	exploration.	The	relevance	of	
asTF	can	be	best	obtained	using	knock-out	animals	for	asTF	or	using	mice	that	only	express	
the	splicing	variant	in	state	the	art	of	models	of	blood	coagulation,	infection,	atherosclerosis	
and/or	tumor	growth.	The	finding	that	mice	produce	asTF	which	is	omnipresent	in	blood	clots	
is	only	a	first	important	step	towards	the	definitive	answers.	
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Abstract 

Recent	human	studies	reveal	that	hyperglycemia	induces	procoagulant	and	antifibrinolytic	
effects	 in	 blood	 that	 may	 contribute	 to	 a	 greater	 risk	 of	 arterial	 thrombosis,	 but	 the	 direct	
relationship	between	high	blood	glucose	levels	and	thrombosis	has	not	yet	been	investigated.	
We	performed	a	number	of	experiments	to	clarify	whether	hyperglycemia	was	causally	related	
to	arterial	thrombosis	and	whether	the	combined	stimulus	of	hyperglycemia	and	inflammation	
would	enhance	the	thrombotic	effect.

In	 a	 model	 of	 ferric-chloride-induced	 carotid	 artery	 thrombosis,	 hyperglycemia	 did	 not	
influence	the	time	to	occlusion	in	mice	pretreated	with	streptozotocin,	but	the	rate	of	thrombus	
formation	was	accelerated.	This	effect	was	associated	with	increased	thrombin	generation	and	
could	not	be	explained	by	changes	in	vessel	wall	tissue	factor	activity.	The	prothrombotic	effect	of	
hyperglycemia	was	assessed	in	a	separate	experiment,	showing	that	collagen/thrombin-induced	
platelet	procoagulant	activity	was	increased	in	hyperglycemic	mice.	

The	effect	of	inflammation	was	studied	by	injecting	a	low	dose	of	endotoxin	that	caused	a	
systemic	inflammatory	state	after	24	hours	(increased	plasma	levels	of	tumor	necrosis	factor	α,	
interleukin-6	and	monocyte	chemotactic	protein	1	in	diabetic	and	non-diabetic	mice)	associated	
with	a	mild	delay	in	thrombus	formation.	This	reduced	rate	of	thrombus	formation	was	attenuated	
by	hyperglycemia.	

Together,	 these	 data	 establish	 a	 discrete,	 but	 clear	 contribution	 of	 hyperglycemia	 in	
experimental	arterial	thrombosis.	



127

Hyperglycemia accelerates arterial thrombus formation and attenuates the antithrombotic response

Introduction

Diabetes	 mellitus	 is	 a	 major	 cause	 of	 cardiovascular	 disease	 in	 large	 parts	 of	 the	 world	
[1]	 and	 atherothrombotic	 complications	 are	 more	 prevalent	 in	 patients	 with	 diabetes	 than	
in	 non-diabetic	 individuals	 [2,	 3].	 In	 spite	 of	 the	 major	 differences	 in	 pathophysiology	 of	
cardiovascular	disease	between	the	main	types	of	diabetes,	type	1	and	2,	there	is	at	least	one	
common	 characteristic	 -	 hyperglycemia.	 Hyperglycemia	 is	 a	 hallmark	 of	 diabetes,	 present	
for	 variable	 periods	 of	 time	 in	 patients	 with	 newly	 detected	 diabetes	 and	 is	 thought	 to	 be	
involved	in	many	processes	that	contribute	to	vascular	complications.	Although	large	clinical	
trials	support	strict	regulation	of	blood	glucose	as	a	method	to	limit	macrovascular	disease,	
the	specific	contribution	of	hyperglycemia	 to	 large	vessel	disease	has	not	yet	been	entirely	
established	(discussed	in	[4,	5]).	In	fact,	in	the	vast	majority	of	patients	with	type	2	diabetes,	
other	risk	factors	involved	in	atherothrombosis	such	as	high	cholesterol	and	hypertension	may	
have	obscured	the	influence	of	hyperglycemia	as	a	specific	contributing	factor	[4].	

With	regard	to	its	effect	on	blood	coagulation	and	thrombosis,	hyperglycemia	is	known	to	
be	associated	with	enhanced	platelet	reactivity	and	increased	production	of	thromboxane	A2,	
a	major	platelet	agonist	substance	[6,	7].	On	the	basis	of	a	number	of	different	studies	it	has	
been	concluded	that	blood	platelets	in	patients	with	diabetes	are	generally	hyperreactive	to	
concentrations	of	agonists	that	are	below	threshold	levels	in	non-diabetic	persons.	Whether	
this	is	true	for	type	1	and	type	2	diabetic	patients	alike	is	unknown,	but	a	strong	correlation	
between	thromboxane	B2	levels	and	HbA1c	suggests	that	at	least	blood	glucose	is	a	common	
factor	in	this	hyperreactivity	[7].	

With	regard	to	plasmatic	coagulation	activity	recent	studies	in	healthy	persons	convincingly	
showed	that	hyperglycemia	induces	a	procoagulant	response	and	a	reduced	fibrinolytic	activity,	
the	latter	due	to	increased	plasminogen	activator	inhibitor-1	(PAI-1)	concentrations	[8,	9].	These	
experiments	also	clearly	indicated	that	hyperglycemia	rather	than	insulin	levels,	is	important	in	
the	procoagulant	reaction.	Although	these	human	studies	provide	important	insight	into	the	
mechanisms	that	underlie	thrombosis,	however,	the	generation	of	thrombin	and	attenuation	
of	fibrinolysis	 in	itself	 is	not	yet	sufficiently	indicative	of	a	greater	risk	of	thrombosis.	 In	fact,	
no	experiments	have	directly	addressed	the	question	whether	hyperglycemia	contributes	to	
arterial	thrombosis	and	which	mechanisms	may	be	involved.	

Atherothrombosis	 develops	 in	 the	 course	 of	 atherosclerosis,	 which	 is	 an	 inflammatory	
disease	[10].	 If	hyperglycemia	would	accelerate	arterial	thrombosis	then	the	contribution	of	
inflammation,	which	is	known	to	cause	procoagulant	effects	in vivo,	could	theoretically	further	
enhance	the	prothrombotic	effect	of	high	glucose	levels.	

We	 undertook	 the	 present	 study	 to	 address	 one	 principal	 question:	 is	 hyperglycemia	 a	
trigger	of	arterial	thrombosis	and	if	so,	is	this	related	to	vessel	wall	or	blood-borne	factors?		To	
answer	this	question	we	utilized	a	model	of	ferric-chloride-induced	carotid	artery	thrombosis	
in	mice.	The	second	question,	addressed	in	the	same	experimental	model,	was	based	on	the	
knowledge	that	thrombin	generation	driven	by	pro-inflammatory	mediators	is	a	recognized	
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model	 for	 prothrombotic	 mechanisms	 in	 inflammation.	 Since	 atherosclerosis,	 the	 basis	 of	
human	 atherothrombotic	 complications,	 is	 an	 inflammatory	 disease,	 the	 combination	 of	
hyperglycemia	 and	 inflammation	 was	 expected	 to	 enhance	 the	 prothrombotic	 tendency	 in	
this	model.				

Materials and methods

Study design
The	data	described	in	this	paper	are	from	three	subsequent	experimental	studies.	 In	the	

first	 experiment	 we	 explored	 the	 thrombogenic	 effect	 of	 hyperglycemia	 in	 C57Bl/6	 mice.	
For	this	purpose	we	compared	two	experimental	groups:	one	consisting	of	normal	wildtype	
C57Bl/6	 mice	 (n=11),	 the	 other	 of	 mice	 of	 the	 same	 genotype	 that	 were	 made	 diabetic	 by	
streptozotocin	administration	(n=10)	(see	below).	

In	 the	 second	 experiment	 we	 were	 interested	 to	 determine	 the	 potentiating	 effect,	 if	
any,	 of	 inflammation	 inflicted	 by	 endotoxin	 administration,	 on	 thrombogenicity	 in	 diabetic	
mice,	after	having	determined	in	experiment	one	that	hyperglycemia	accelerated	thrombus	
formation.	Hence,	three	comparative	groups	were	used:	control	normal	mice	(n=10),	mice	with	
lipopolysaccharide	(LPS)	only	(n=10)	and	mice	with	LPS	plus	hyperglycemia	(n=8).

In	the	third	experiment	we	were	interested	in	exploring	the	role	of	platelets	in	thrombin	
generation	 as	 a	 postulated	 mechanism	 underlying	 accelerated	 thrombus	 formation	 by	
hyperglycemia,	and	we	compared	platelets	obtained	from	diabetic	versus	non-diabetic	mice.

Animals and Treatment
Female	C57Bl/6	mice	were	obtained	from	Charles	River	(Maastricht,	The	Netherlands).	The	

study	was	approved	by	the	 Institutional	Animal	Care	and	Use	Committees	of	 the	Academic	
Medical	Center,	University	of	Amsterdam,	as	well	as	that	of	the	Maastricht	University,	both	in	
the	Netherlands.	

Hyperglycemia	 was	 induced	 by	 a	 single	 intraperitoneal	 infusion	 of	 streptozotocin	 (STZ)	
(200	 mg/kg	 body	 weight)	 in	 50	 mM	 citrate	 buffer	 (pH	 4)	 at	 the	 age	 of	 8	 weeks	 [11].	 If	 one	
STZ	injection	did	not	induce	hyperglycemia	(glucose	>	10	mmol/l)	after	4	days,	the	injection	
was	repeated	with	one	single	intraperitoneal	injection	of	150	mg	STZ/kg	body	weight.	Control	
mice	were	injected	with	citrate	buffer	alone.	

Arterial thrombosis
Ten	 weeks	 after	 streptozotocin	 injection	 mice	 were	 anesthetized	 by	 intraperitoneal	

injection	 of	 70	 μl/g	 FFM	 mixture	 (Fentanyl	 (0.315	 mg/ml)-	 Fluanisone	 (10	 mg/ml)	 (Janssen	
Pharmaceutical,	Beerse,	Belgium),	Midazolam	(5	mg/ml)	(Roche,	Mijdrecht,	The	Netherlands)).	
Body	temperature	was	monitored	with	a	rectal	probe	and	maintained	at	37°C	±	1°C	via	a	heating	
pad	and	a	halogen-heating	lamp.	During	anesthesia	extra	oxygen	(1	l/min)	was	supplied	via	a	
tube	placed	at	the	nose	of	the	mouse.	Acute	arterial	thrombosis	was	induced	by	application	of	
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ferric	chloride	(25%	FeCl3)	to	the	left	carotid	artery,	as	described	[12],	resulting	in	the	formation	
of	platelet-rich	and	fibrin-rich	thrombi	 [13].	Before	and	after	application	of	 ferric	chloride,	a	
Doppler	flow	probe	was	placed	around	the	artery	to	measure	blood	flow.	Time	to	occlusion	
(TTO)	was	defined	as	the	time	after	initiation	of	arterial	injury	with	ferric	chloride	required	for	
blood	flow	to	decline	to	<	0.2	ml/min	(Figure	4A).	Closing	time	was	defined	as	the	time	from	
the	start	of	the	flow	reduction	i.e.	thrombus	formation	to	the	final	occlusion	(Figure	4A).	

Inflammatory stimulation
Endotoxin	 (5	 µg	 Serratia	 marcescens	 LPS)	 was	 injected	 ten	 weeks	 after	 STZ	 or	 control	

injection	in	the	foot.	This	dose	was	based	on	the	priming	injection	used	in	the	Shwartzman	
model	 for	 disseminated	 intravascular	 coagulation	 (DIC)	 [14]	 and	 does	 in	 itself	 not	 elicit	
thrombosis	or	DIC.	

Plasma analysis
Blood	glucose	levels	were	measured	with	a	Glucometer®	Elite	(Bayer	Diagnostics,	Mijdrecht,	

The	 Netherlands)	 in	 a	 drop	 of	 blood	 from	 the	 tail	 vein.	 At	 the	 end	 of	 the	 experiment	 3.2%	
(w/v)	sodium	citrate	 in	a	total	volume	of	body	weight	(g)	per	13	x	100	µl	was	 intravenously	
administrated	in	the	vena	cava	20-30	seconds	prior	to	blood	drawing	from	the	same	vein	into	a	
syringe.	Blood	samples	were	centrifuged	for	15	minutes	at	3000	rpm	at	room	temperature	and	
subsequently	plasma	was	centrifuged	for	5	minutes	at	13	000	rpm	to	remove	remaining	cells	
and	platelets,	and	immediately	frozen	at	-80°C.	Plasma	levels	of	thrombin-antithrombin	(TAT)	
complexes	were	measured	by	a	specific	murine	sandwich	TAT	enzyme-linked	immunosorbent	
assay	 (ELISA)	 as	 described	 previously	 [15].	 Plasma	 levels	 of	 interleukin-6	 (IL-6),	 macrophage	
chemotactic	protein	(MCP)-1	and	tumor	necrosis	factor	α	(TNF-α)	were	measured	by	Cytometric	
Bead	Array	Analysis	(Beckton	Dickinson	Biosciences,	Pharmingen,	San	Diego,	USA).	Aspartate	
aminotransferase	(ASAT)	and	creatinine	in	plasma	and	creatinine	and	microalbumin	in	urine	
were	measured	using	standard	techniques.

Tissue harvesting and histological analysis
At	 the	 end	 of	 the	 experiments,	 aortas	 were	 collected	 and	 stored	 at	 -80°C	 whereas	

the	 left	 carotid	 arteries	 were	 formalin-fixed,	 embedded	 in	 paraffin,	 and	 sectioned.	 For	
immunohistochemical	analysis,	paraffin	sections	of	4	μm	were	deparaffinized	and	rehydrated.	
Sections	 were	 incubated	 with	 1.5%	 H2O2	 in	 phosphate-buffered	 saline	 (PBS)	 for	 20	 minutes	
and	then	blocked	with	TENG-T	(10	mM	Tris,	5	mM	EDTA,	150	mM	NaCl,	0.25%	gelatin,	0.05%	
(vol/vol)	Tween-20%,	pH	8.0)	 for	30	minutes	at	 room	temperature. Thereafter,	sections	were	
washed	and	incubated	with	primary	antibodies	against	tissue	factor	(TF)	and	fibrin	overnight	
at	4°C.	Rabbit	anti-mouse	TF	antibodies	were	developed	in	our	laboratory	by	immunization	of	
rabbits	with	a	mixture	of	500	µl	Freund’s	Complete	Adjuvant	(Difco)	and	murine	TF	peptide	P5	
[16].	Final	concentration	of	anti-TF	antibody	was	1.3	μg/ml.	Rabbit	anti-rat	fibrin	antibody	was	
kindly	provided	by	dr.	J.	Emeis	(TNO,	The	Netherlands)	and	used	in	a	1:1000	dilution	[17].	After	
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incubation	with	the	primary	antibodies,	 tissue	sections	were	washed	and	goat	anti-rabbit	
(DAKO	A/S,	Glostrup,	Denmark)	was	used	as	the	secondary	antibody	in	a	1:250	dilution	for	1	
hour	at	room	temperature,	and	than	washed	with	PBS. The	sections	were	incubated	with	SABC	
complex	(DAKO	A/S)	for	one	hour	at	room	temperature,	and	washed.	Enzyme	activity	was	
detected	with	AEC	(Sigma,	St	Louis,	Missouri,	USA)	after	incubation	for	5	minutes.	Specificity	
controls	 included	 normal	 rabbit	 immunoglobulin	 in	 place	 of	 specific	 primary	 antibodies.	
For	 evaluation	 of	 TF	 and	 fibrin	 immunostaining,	 a	 semi	 quantitative	 score	 approach	 was	
chosen	using	a	magnification	of	20	times.	For	TF	quantification	the	following	criteria	were	
used:	 0:	 no	 staining	 in	 thrombus	 and	 vessel	 wall;	 1:	 focal	 staining	 in	 thrombus;	 2:	 diffuse	
staining	in	thrombus;	3:	positive	staining	in	thrombus	and	focal	staining	in	vessel	wall.	For	
fibrin	immunostaining	the	following	criteria	were	used:	0:	no	staining	in	thrombus;	1:	focal	
positive	staining	in	thrombus.	The	degree	of	staining	was	evaluated	blinded	for	treatment	
strategies.

Tissue factor activity
Tissue	factor	activity	was	determined	using	an	in-house	assay.	In	brief,	arterial	tissue	parts	

were	 homogenized	 in	TBS,	 50	 mM	 n-octyl	 β-D-glucopyranoside,	 pH	 8.4	 and	 immediately	
frozen	 in	 liquid	 nitrogen	 and	 subsequently	 thawed	 at	 37°C.	 Supernatants	 were	 collected	
through	centrifugation	at	14	000	rpm,	4°C	 for	15	min,	and	stored	at	 -80°C.	For	TF	activity,	
samples	were	diluted	in	25	mM	HEPES,	175	mM	NaCl,	pH	7.7	and	incubated	with	reaction	
buffer	at	37°C	for	20	min.	Final	concentrations	were:	0.72	nM	recombinant	factor	VIIa	(Novo	
Nordisk,	Bagsværd,	Denmark),	60	nM	bovine	factor	X	(Sigma-Aldrich,	St.	Louis,	MO),	3	mM	
Ca2+,	7.2	µM	20:80	phosphatidylserine	:	phosphatidylcholine.	Factor	Xa	activity	was	kinetically	
measured	using	the	chromogenic	substrate	S-2765	(final	concentration	of	0.7	mg/ml	diluted	
in	50	mM	Tris-HCl,	175	nM	NaCl,	30	mM	sodium	ethylenediamine	tetraacetic	acid	(Na2EDTA),	
pH	7.4;	Chromogenix,	Milan,	Italy)	for	15	minutes,	each	15	seconds	at	405	nm	at	37°C.

Quantitative reverse transcriptase polymerase chain reaction
Expression	 of	 genes	 involved	 in	 inflammation	 and	 coagulation,	 interleukin-1β	 (IL-1β),	

TF,	 intercellular	 adhesion	 molecule-1	 (ICAM-1),	 vascular	 adhesion	 molecule-1	 (VCAM-
1),	 monocyte	 chemoattractant	 peptide-1	 (MCP-1),	 and	 endothelial	 selectin	 (E-selectin)	
was	 analyzed	 on	 the	 mRNA	 extracted	 from	 homogenates	 from	 the	 descending	 aorta,	 	 by	
quantitative	 reverse	 transcriptase	 polymerase	 chain	 reaction	 (RT-PCR)	 on	 an	 ABI	 PRISM	
7700	 combination	 of	 hardware	 and	 software	 (Applied	 Biosystems,	 Foster	 City,	 California,	
USA)	using	SYBR	Green	technology	as	earlier	described	[18].	Ratios	of	target	gene	and	36B4	
expression	 levels	 (relative	 gene	 expression	 numbers)	 were	 calculated	 by	 subtracting	 the	
threshold	cycle	number	(Ct)	of	the	target	gene	from	Ct	of	36B4	and	raise	this	difference	to	
the	square.	The	Ct	values	are	defined	as	the	number	of	PCR	cycles	at	which	the	fluorescent	
signal	 during	 the	 PCR	 reaches	 a	 fixed	 threshold.	Target	 gene	 mRNA	 expressions	 are	 thus	
expressed	relative	to	36B4	expression.	
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Platelet purification and procoagulant activity
Blood	 was	 collected	 as	 described	 above.	To	 each	 volume	 of	 citrated	 murine	 blood,	 five	

volumes	of	HEPES	buffer	containing	10%	(w/v)	bovine	serum	albumine	(BSA)	(10	mM	HEPES,	
137	mM	NaCl,	2.7	mM	KCL,	2	mM	MgCl2,	5	mM	glucose,	pH	7.4)	were	added.	The	platelet-rich	
plasma	was	collected	after	centrifugation	for	6	minutes	at	200	g	and	subsequently	the	platelet	
concentration	was	determined	using	a	Coulter	counter	and	adjusted	at	1.106/ml	using	HEPES	
buffer	containing	0.05%	(w/v)	BSA.

Platelets	 were	 activated	 with	 collagen	 (5	 µg/ml)	 and	 thrombin	 (4	 nM)	 in	 the	 presence	
of	CaCl2	 (3	mM)	 for	10	min	at	37ºC	under	continuous	stirring.	Platelet	procoagulant	activity	
was	measured	by	addition	of	 factor	Xa,	 factor	Va	and	prothrombin	to	the	activated	platelet	
suspension.	More	specifically,	the	following	conditions	were	used	(final	concentrations):	0.7.106/
ml	platelet	concentration,	1	nM	factor	Xa,	2	nM	factor	Va,	3	mM	CaCl2.	Thrombin	formation	was	
started	by	addition	of	prothrombin	(555	nM)	and	arrested	after	4	minutes	by	addition	of	5	mM	
ethylenediamine	tetraacetic	acid.	Thrombin	was	measured	using	the	chromogenic	substrate	
S2238.

BSA	 (essentially	 fatty	 acid	 free),	 was	 obtained	 from	 Sigma	 (St	 Louis,	 MO).	 Coagulation	
factors	 factor	 Xa,	 factor	Va,	 prothrombin	 and	 thrombin	 were	 purified	 from	 bovine	 blood	 as	
described	 before	 [19].	Thrombin-specific	 chromogenic	 substrate	 S2238,	 was	 obtained	 from	
Chromogenix	(Mölndal,	Sweden).	Horse	tendon	collagen	was	from	Horm	Nycomed	(Münich,	
Germany).	All	other	reagents	were	of	the	highest	grade	commercially	available.

Statistics
Data	are	 represented	as	 the	mean	with	standard	error	of	mean	 for	normally	distributed	

variables,	 and	 as	 median	 with	 25-75%	 quartiles	 for	 non-normally	 distributed	 variables.	
Differences	 between	 groups	 were	 assessed	 using	 non-paired	 Student’s	 t-test	 for	 data	 with	
a	normal	distribution	or	Mann-Whitney	test	 for	data	with	non-normal	distribution.	P	values		
<0.05	were	considered	statistically	significant.	Statistical	analysis	was	performed	using	SPSS	
version	12.01	for	Microsoft	Windows	(SPSS	Inc.,	Chicago,	Illinois,	USA).	

Results

Hyperglycemia and systemic inflammation
In	 the	 first	 experiment,	 diabetic	 mice	 were	 compared	 with	 non-diabetic	 C57Bl/6	 mice	

with	 regard	 to	 inflammatory	 gene	 expression	 and	 thrombosis.	 In	 this	 experiment	 blood	
glucose	 levels	were	22.2	±	5.8	mmol/l	 in	the	diabetic	versus	7.3	±	2.2	mmol/l	 in	the	control	
mice,	 respectively.	 No	 plasma	 was	 obtained	 for	 systemic	 inflammatory	 cytokines,	 assuming	
that	 hyperglycemia	 as	 such	 would	 not	 induce	 systemic	 inflammation.	 The	 results	 of	 aorta	
gene	expression	levels	are	indicated	in	Figure	1,	showing	that	diabetes	as	such	did	not	induce	
inflammatory	gene	expression	in	the	vessel	wall.	In	fact,	only	a	significant	suppression	of	Il-1β	
was	observed.	
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Hyperglycemia, systemic inflammation and organ failure after endotoxin injection
Blood	glucose	 levels	were	significantly	higher	 in	the	diabetic	mice	as	compared	with	all	

non-diabetic	mice	(diabetic:	23.9	±	5.8	vs.	non-diabetic:	7.3	±	2.2	mmol/l;	p<0.001)	measured	
before	endotoxin	injection.	

Figure	2	shows	the	effect	of	diabetes	against	the	background	of	inflammation	(after	LPS	
treatment)	 on	 mRNA	 levels	 in	 the	 aorta.	 Two	 findings	 stand	 out.	 First,	 endotoxin	 injection	
induced	a	greater	than	two	fold	increase	in	median	VCAM-1	level	in	the	vessel	wall	of	normal	
mice,	but	not	in	diabetic	mice.	A	similar	trend	of	increased	expression	after	endotoxin	injection	
in	normal	mice,	but	not	in	diabetic	mice	was	observed	for	ICAM-1	expression	(Figure	2).	Second,	
in	the	diabetic	mice	endothelial	nitric	oxide	synthase	(eNOS)	expression	was	more	than	five-fold	
increased	after	endotoxin	injection.	In	non-diabetic	mice	the	increase	after	endotoxin	in	eNOS	
expression	was	only	moderate	and	not	statistically	significant.	Similar	patterns	were	observed	
for	MCP-1,	TF,	E-selectin	and	P-selectin	expression,	although	none	of	these	differences	reached	
statistical	significance.

An	 overview	 of	 plasma	 markers	 of	 systemic	 inflammation	 and	 organ	 failure	 24	 hours	
after	endotoxin	injection	is	shown	in	Figure	3.	 In	mice	injected	with	endotoxin,	a	significant	
increment	 in	 plasma	 concentrations	 of	 TNF-α,	 IL-6	 and	 MCP-1	 was	 measured,	 indicating	
ongoing	inflammation.	No	statistically	significant	difference	was	observed	in	plasma	cytokine	
levels	 between	 diabetic	 mice	 treated	 with	 endotoxin	 and	 non-diabetic	 mice	 treated	 with	
endotoxin.	 Plasma	 markers	 for	 kidney	 function	 (creatinine)	 and	 liver	 damage	 (ASAT)	 were	
also	 increased	 24	 hours	 after	 endotoxin	 injection	 in	 both	 diabetic	 and	 non-diabetic	 mice	
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Figure 1.	Relative	mRNA	levels	in	aortas	from	control	mice	(white	bars,	n=11)	and	streptozotocin	induced	hyper-
glycemic	mice	(gray	bars,	n=19).	Relative	expression	levels	of	MCP-1,	IL-1	β	,	VCAM-1,	ICAM-1,	E-selectin,	and	TF	
in	aortas	from	hyperglycemic	animals	are	presented	as	the	ratio	of	relative	expression	levels	in	control	aortas.	*	
Significantly	lower	IL-1β		mRNA	in	streptozotocin-induced	hyperglycemic	mice	(p=0.039)	as	compared	to	non-
treated	control	mice.
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Figure 2. Relative	mRNA	levels	of	(A)	VCAM-1,	(B)	ICAM-1,	(C)	eNOS,	(D)	MCP-1,	(E)	TF,	(F)	E-selectin	and	(G)	P-
selectin	in	aorta	from	10	non-endotoxin-treated	mice	(no	LPS),	10	endotoxin-treated	mice	(LPS)	and	8	endotoxin	
treated	mice	with	diabetes	(LPS	+	DM).
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(P<0.05),	whereas	the	albumin-creatinine	ratio	in	urine,	a	marker	for	kidney	damage,	was	only	
significantly	increased	in	diabetic	mice	treated	with	endotoxin.

Hyperglycemia and acute arterial thrombosis 
Application	of	ferric	chloride	to	the	carotid	artery	resulted	in	thrombus	formation	within	30	

minutes	in	most	mice.	The	typical	flow	curve	is	schematically	indicated	in	Figure	4a.
In	the	first	experiment	we	addressed	the	effect	of	hyperglycemia	on	thrombus	formation.	As	

illustrated,	there	was	a	considerable	variation	in	times	to	occlusion	(Figure	4b),	but	the	closing	
time	showed	a	statistically	significant	reduction	in	the	diabetic	mice,	suggesting	accelerated	
thrombus	formation	(Figure	4c).	

In	the	second	experiment	the	effect	of	hyperglycemia	superimposed	on	inflammation	was	
studied.	No	diabetes	only	group	was	included	in	this	particular	experiment.	
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Figure 3. Plasma	levels	of	inflammatory	markers	were	significantly	increased	in	diabetic	and	non-diabetic	mice	
treated	with	endotoxin	(LPS	+	DM	and	LPS)	compared	with	non-endotoxin-treated	mice	(no	LPS):	(a)	TNF-α,	(b)	
IL-6,	(c)	MCP-1.	In	addition,	markers	of	liver	and	kidney	damage	in	plasma	were	higher	in	all	endotoxin-treated	
mice	compared	with	control	mice:	(d)	creatinine,	(e)	ASAT.	All	endotoxin-induced	inflammatory	and	organ	failure	
markers	did	not	statistically	differ	between	diabetic	and	non-diabetic	endotoxin-treated	mice,	except	 for	 the	
creatinine-albumin	ratio	in	urine	(f ),	which	was	significantly	higher	in	diabetic	mice	treated	with	endotoxin	com-
pared	with	both	non-diabetic	mice	with	and	without	treatment	with	endotoxin.	Data	from	mice	with	diabetes	
only	are	not	available.
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In	 contrast	 to	 our	 expectation,	 the	 endotoxin	 treated	 mice	 showed	 a	 trend	 towards	
prolonged	time	to	occlusion	and	a	significant	prolongation	of	the	closing	time	(Figure	5).	This	
subtle	antithrombotic	effect	of	LPS	was	attenuated	by	hyperglycemia,	showing	a	statistically	
significant	reduction	in	closing	time	to	a	level	comparable	to	control	levels	(no	diabetes,	no	
inflammation)	(Figure	5).	

After	the	induction	of	carotid	thrombosis,	plasma	TAT	complexes	were	considerably	higher	
in	diabetic	mice	(220	(50-2120)	ng/ml)	than	in	non-diabetic	mice	(38	(20-100)	ng/ml;	p=0.032)	
in	the	first	experiment.		In	the	second	experiment,	such	TAT	levels	were	significantly	higher	in	
endotoxin-treated	mice	with	diabetes	(189.8	(133.9-482.7)	ng/ml)	compared	to	normal	control	
mice	(45.4	(10.6-172.5)	ng/ml),	or	normal	mice	after	treatment	with	LPS	(81.4	(79.3-94.8	ng/ml)	
by	analysis	of	variance	(ANOVA);	p=0.03	for	difference	among	the	groups).
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Figure 4.	Ferric-chloride-induced	arterial	thrombosis	in	carotid	artery.	(A)	Typical	example	of	flow	pattern	du-
ring	ferric-chloride-induced	arterial	thrombosis	of	the	cartotid	artery	with	measurement	of	time	to	occlusion	(1)	
and	closing	time	(2).	Effects	of	streptozotocin-induced	hyperglycemia	on	arterial	thrombosis.	(B)	No	effects	of	
hyperglycemia	on	time	to	occlusion.	Control:	°,	Hyperglycemia:	l.	(C)	More	rapid	thrombus	formation	in	hyper-
glycemic	mice,	measured	from	the	start	of	thrombus	formation	to	final	occlusion	(closing	time).	The	closing	time	
was	only	measured	when	a	thrombus	was	formed	during	the	experiment	(one	vessel	did	not	occlude	after	ferric	
chloride	treatment	in	9	diabetic	mice	and	thrombus	formation	was	absent	in	3	out	of	8	control	carotid	arteries).
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Thrombus composition and immunohistochemistry
Serial	sections	of	the	left	carotid	artery	segment	that	had	been	treated	with	ferric	chloride	

showed	 total	 occlusion	 by	 a	 platelet-rich	 thrombus	 (data	 not	 shown).	 Erythrocytes	 amidst	
platelets	 were	 seen	 in	 adjacent	 sections.	 Ferric	 chloride	 was	 seen	 in	 the	 vessel	 wall	 and	 on	
the	 endothelium	 in	 the	 vessel	 lumen	 of	 the	 segment	 that	 had	 been	 treated.	 No	 significant	
differences	among	any	of	the	groups	in	the	two	experiments	were	observed	with	regard	to	the	
semi	quantitative	analysis	of	immunostaining	for	tissue	factor	in	the	occluded	vessel	walls,	or	
thrombus	composition	(data	not	shown).

Platelet prothrombinase activity and vessel wall tissue factor in relation to hyperglycemia 
Since	 the	 mild	 prothrombotic	 effect	 of	 hyperglycemia	 observed	 after	 ferric	 chloride	

induction	was	not	readily	explained	by	local	thrombus	and	vessel	wall	factors,	we	carried	out	a	
third	experiment	to	address	platelet	function	related	to	thrombin	generation	in	streptozotocin-
treated	mice,	without	additional	endotoxin	stimulation.	The	main	argument	for	this	separate	
experiment	 was	 that	 the	 accelerated	 clot	 formation,	 together	 with	 the	 enhanced	 thrombin	
generation	 (TAT	 levels)	 post	 thrombosis,	 suggested	 a	 circulating	 prothrombotic	 factor,	 with	
the	 literature	 suggesting	 platelets	 to	 be	 the	 likely	 factor	 involved.	 In	 a	 separate,	 therefore,	
C57Bl/6	 mice	 were	 made	 hyperglycemic	 by	 streptozotocin	 as	 indicated	 above.	 Mean	 blood	
glucose	values	were	15.9	±	1.3	mmol/l	in	the	diabetic	group	and	8.2		±	0.4	mmol/l	in	control	
mice. To	ensure	that	hyperglycemia	would	not	influence	vessel	wall	tissue	factor	activity	we	
determined	this	in	aorta	homogenates.	This	analysis	showed	comparable	levels	in	aortas	from	
control	and	hyperglycemic	animals	(1762	pM	±	272	and	2086	pM	±566,	respectively;	p>0.05).	
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Figure 5. Time	to	occlusion	(A)	and	closing	time	(B)	after	ferric	chloride	application	to	the	carotid	vessel	wall	in	
control	mice	(no	LPS:	n),	endotoxin-treated	mice	(LPS:	p)	and	endotoxin-treated	mice	with	diabetes	(DM+LPS:	
q).	There	were	no	statistical	differences	in	the	Time	to	Occlusion	between	the	groups.	Compared	with	the	con-
trol	group,	Closing	Time	was	significantly	 longer	 in	 the	LPS	group	and	was	reduced	to	baseline	 in	mice	with	
diabetes	and	LPS	(DM+LPS)
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Platelet	prothrombinase	activity	as	analyzed	by	thrombin	formation	in	response	to	collagen	
alone	was	not	different	between	hyperglycemic	and	control	animals	(Figure	6A).	In	an	assay	in	
which	collagen	and	thrombin	were	added	in	combination	to	induce	platelet	prothrombinase	
activity,	thrombin	formation	was	enhanced	in	hyperglycemic	animals	(62.8	±	4.6	nM/min)	as	
compared	with	control	mice	(48.1	±	2.0	nM/min,	p=0.016,	data	given	for	the	4	minutes	time	
point)	(Figure	6B).

Discussion

Although	hyperglycemia	is	a	characteristic	feature	of	diabetes	type	1	and	2,	its	influence	on	
atherothrombosis	remains	poorly	characterized.	Recent	studies	in	humans,	however,	indicate	
that	in	addition	to	the	known	effects	of	hyperglycemia	on	platelet	reactivity,	a	procoagulant	as	
well	as	an	anti-fibrinolytic	effect	is	initiated	upon	experimentally	induced	hyperglycemia	[8,	9].	
Direct	proof	of	a	hyperglycemic	effect	on	occurrence	of	arterial	thrombosis	had	however	not	
yet	been	reported.		

Our	experiments	provide	two	novel	outcomes	that	link	hyperglycemia	to	thrombosis.	First,	
although	 hyperglycemia	 does	 not	 have	 any	 impact	 on	 time	 to	 occlusion	 in	 the	 established	
model	of	ferric-chloride-induced	carotid	artery	thrombosis,	the	rate	of	thrombus	formation	is	
accelerated.	Second,	while	in	the	experimental	model	of	inflammation	a	(temporary?)	delayed	
thrombus	 formation	 occurred,	 hyperglycemia	 attenuated	 this	 effect,	 again	 pointing	 in	 a	
prothrombotic	direction.	
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Figure 6.	Effect	of	hyperglycemia	on	platelet	procoagulant	activity	induced	by	collagen	(A)	and	collagen	plus	
thrombin	(B)	in	control	(open	circles)	and	hyperglycemic	(closed	circles)	animals.	The	concentration	of	thrombin	
produced	in	the	prothrombinase	reaction	was	determined	4	minutes	after	the	reaction	was	initiated.	Values	are	
the	mean	and	SD	of	n=8	animals	per	experiment.	*	Significantly	increased	with	respect	to	the	control	group.
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In	the	experimental	thrombosis	model	the	application	of	ferric	chloride	is	known	to	induce	
endothelial	cell	damage,	leading	to	exposure	of	subendothelial	platelet	binding	and	activating	
proteins	including	collagen	[20].	This	model	has	been	widely	used	for	testing	prothrombotic	
conditions	and	investigating	mice	with	a	functional	deficiency	of	the	anticoagulant	cofactor	
thrombomodulin	indeed	showed	a	shortened	time	to	occlusion,	confirming	the	validity	of	the	
model	in	our	hands	[21].

In	 general,	 thrombus	 formation	 depends	 on	 interactions	 of	 the	 damaged	 vessel	 wall	
with	blood	components.	The	lack	of	difference	in	time	to	occlusion	between	hyperglycemic	
and	 normoglycemic	 mice	 in	 our	 study	 suggests	 that	 the	 factor	 “hyperglycemia”	 did	 not	
have	a	major	 impact	on	most	of	the	components	of	Virchov’s	triad.	 Indeed,	we	did	not	find	
a	 difference	 in	TF	 gene	 expression	 (both	 mRNA	 and	 protein	 activity)	 and	TF	 activity	 in	 the	
arterial	vessel	wall	(aorta),	nor	a	conspicuous	difference	in	composition	of	the	clot.	In	addition,	
we	 did	 not	 observe	 a	 pro-inflammatory	 action	 of	 high	 blood	 glucose	 on	 the	 vessel	 wall	 as	
indicated	 by	 unaltered	 gene	 expression	 levels	 of	 a	 number	 of	 pro-inflammatory	 mRNAs.	
The	 arterial	 vessel	 wall	 therefore	 appears	 not	 to	 be	 grossly	 perturbed	 with	 regard	 to	 pro-
inflammatory	 and	 procoagulant	 gene	 expression	 levels.	 To	 explain	 the	 accelerated	 rate	 of	
arterial	thrombus	formation	we	assumed	that	an	effect	on	platelets	may	be	responsible,	taking	
into	account	the	similarly	increased	thrombin	generation	in	hyperglycemic	mice.		In	order	to	
study	the	contribution	of	platelets	in	this	process	we	set	up	a	separate	experiment	involving	
hyperglycemic	 mice.	 Platelets	 were	 isolated	 from	 control	 and	 hyperglycemic	 mice	 and	
diluted	to	an	appropriate	concentration	for	the	study	of	thrombin	generation	after	collagen	
stimulation.	These	conditions	mimic	the	in vivo	situation,	where	platelets	stick	to	collagen	on	
the	 inner	 surface	 of	 the	 damaged	 vessel	 wall,	 resulting	 in	 activation	 and	 aggregation.	 	The	
ex vivo	experiment	showed	increased	procoagulant	activity	after	collagen/thrombin	induced	
activation	of	platelets	from	hyperglycemia	animals.	Activation	of	platelets	by	collagen	alone,	
however,	had	no	effect	on	procoagulant	activity,	most	 likely	due	to	the	synergistic	effect	of	
collagen	and	thrombin	[22].

Platelet	 procoagulant	 activity	 is	 mainly	 determined	 by	 the	 extent	 of	 surface-exposed	
phosphatidylserine	(PS)	and	the	increased	procoagulant	activity	in	hyperglycemic	mice	suggests	
either	an	increase	in	the	platelet	fraction	which	exposes	PS	or	an	increase	in	PS	exposure	within	
the	fraction	of	platelets	exposing	PS	[22].	The	mechanisms	involved	may	consist	of	different	
factors	that	act	 in	concert	 to	 lead	to	a	platelet	phenotype	of	enhanced	reactivity	to	usually	
subthreshold	 concentrations	 of	 stimuli,	 which	 is	 known	 to	 occur	 in	 platelets	 from	 diabetic	
individuals	 [6,	 7].	 These	 factors	 may	 be	 related	 to	 altered	 biomembrane	 properties	 due	 to	
glycation	of	surface	phospholipids	and	proteins.	Whether	 this	also	 includes	an	alteration	 in	
the	distribution	of	PS	and	phosohatidylcholine	(PC)	in	the	outer	platelet	membrane	remains	
to	 be	 established.	 Although	 one	 study	 reported	 such	 a	 finding	 induced	 by	 high	 glucose	
concentrations	in vitro [23],	we	have	not	been	able	to	confirm	this	in	a	model	of	erythrocytes	
subjected	to	different	glucose	concentrations	(Wolfs	and	Bevers,	unpublished	data).
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In	 patients	 with	 diabetes	 mellitus	 and	 atherosclerosis,	 inflammation	 is	 considered	 to	
contribute	 to	 the	 pathogenesis	 of	 the	 increased	 risk	 for	 acute	 arterial	 complications,	 like	
myocardial	infarction	or	stroke	[1].	In	the	present	experiment	inflammation	was	imposed	by	
endotoxin	 injection	 in	mice.	Next	 the	combination	of	hyperglycemia	and	this	 inflammatory	
state	on	arterial	thrombus	formation	was	determined.

In	wildtype	mice,	low	dose	endotoxin	resulted	in	sustained	systemic	inflammation	and	organ	
damage	24	hours	after	injection.	This	condition	was	not	markedly	different	in	hyperglycemic	
mice,	although	some	levels	of	vessel	wall	gene	expression	differed	from	non-diabetic	animals.	
One	unsuspected	finding	was	that	at	this	stage	of	inflammation	arterial	thrombus	formation	
was	delayed	as	compared	to	non-inflammatory	mice.	A	second	unsuspected	observation	was	
that	hyperglycemia	appeared	to	neutralize	this	delayed	thrombus	formation.	

These	 data	 suggest	 that	 systemic	 inflammation	 due	 to	 low	 dose	 endotoxin	 injection	
induces	 a	 (transient)	 antithrombotic	 state	 in	 normal	 mice,	 but	 not	 in	 diabetic	 mice.	 This	
absence	of	an	inflammation-induced	antithrombotic	state	might	play	a	role	in	the	increased	
risk	for	acute	arterial	thrombosis	in	patients	with	diabetes.	The	causes	of	this	antithrombotic	
state	 may	 be	 due	 to	 a	 temporary	 hypo-responsiveness	 of	 endothelial	 cells,	 inflicted	 by	
inflammation	and	oxidative	stress	[24].	During	this	refractory	period,	endothelial	TF	expression	
and	 TF-related	 procoagulant	 activity	 is	 reduced	 in	 response	 to	 the	 initial	 stimulus.	 Similar	
thrombo-protective	effects	of	endotoxin	administration	are	seen	in	in vivo	studies	in	relation	to	
myocardial	ischemia	and	reperfusion	[25-27]	and	this	effect	is	referred	to	as	“preconditioning”.	
Interestingly,	endotoxin	injection	in	the	diabetic	mice	resulted	in	a	different	vascular	reaction	
compared	to	the	non-diabetic	mice:	no	reduced	thrombus	formation,	no	increase	in	VCAM-1,	
significantly	higher	expression	of	eNOS	and	increased	TAT	levels	were	observed.	We	speculate	
that	 the	 inflammatory	 state	 secondary	 to	 hyperglycemia	 and	 present	 before	 the	 endotoxin	
injection	might	have	been	responsible	 for	 these	differences	 in	 thrombotic	 responses.	There	
is	evidence	that	hyperglycemia	is	associated	with	a	reduced	adaptive	response	to	endothelial	
injury	caused	by	ischemia/reperfusion	damage	[28,	29].	It	is	possible	that	in	the	present	study	
a	 similar	 diminished	 capacity	 to	 adapt	 to	 endothelial	 injury	 explains	 why	 the	 thrombotic	
occlusion	 time	 in	 diabetic	 endotoxin-treated	 mice	 was	 reduced	 compared	 with	 the	 control	
endotoxin-treated	 mice.	 The	 mechanisms	 behind	 these	 different	 reactions	 to	 endotoxin,	
however,	remain	unexplained.

Several	limitations	of	this	study	should	be	taken	into	account.	First,	the	experiments	are	all	
descriptive	in	nature,	not	proving	beyond	doubt	the	direct	association	between	blood	glucose	
and	thrombosis.	Another	factor	related	to	the	experimental	model	is	that	the	“closing	time”	is	
not	a	common	determinant	in	ferric-chloride-induced	thrombosis.	Indeed,	the	commonly	used	
“time	to	occlusion”,	subject	to	marked	variation	in	the	present	experiments,	is	not	significantly	
influenced,	which	appears	to	rule	out	a	 large	thrombotic	effect.	The	reproducible	finding	of	
differences	 in	 the	 rate	 of	 occlusion,	 however,	 leads	 us	 to	 think	 that	 this	 is	 a	 relevant	 novel	
marker	 of	 thrombus	 formation	 that	 may	 be	 quite	 suitable	 as	 determinant	 of	 blood-related	
thrombogenic	(or	antithrombotic)	influences.
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In	 conclusion,	 we	 observed	 that	 experimentally	 induced	 hyperglycemia	 caused	 a	 mild	
prothrombotic	influence	in	normal	C57/Bl6	mice,	while	the	antithrombotic	response	induced	
by	a	low	dose	of	endotoxin	was	attenuated	by	hyperglycemia.	Both	effects	are	illustrative	of	a	
thrombotic	effect	of	high	glucose	concentrations	in	blood	and	may	explain	part	of	the	risk	of	
cardiovascular	disease	in	patients	with	type	1	diabetes.	The	reduced	antithrombotic	response	
may	also	be	pathophysiologically	 relevant,	 since	 this	conditioning	mechanism	may	provide	
a	 natural	 defense	 against	 thrombosis	 during	 infections.	 In	 a	 condition	 of	 hyperglycemia	
(diabetes),	however,	possibly	related	to	increased	thrombin	generation	and	vascular	oxidative	
stress	 responses,	 this	 protective	 mechanism	 fails.	 It	 is	 tempting	 to	 speculate	 that	 this	
difference	in	thrombotic	responsiveness	may	put	patients	with	diabetes	who	are	at	increased	
risk	 of	 infectious	 complications	 also	 at	 greater	 risk	 of	 atherothrombotic	 complications.	This	
observation	 may	 also	 give	 an	 additional	 explanation	 for	 the	 clinical	 benefit	 of	 aggressive	
glucose	regulation	in	critically	ill	patients	[30].	
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Abstract

Tissue	Factor	(TF)	is	essential	for	normal	embryonic	development	and	survival	to	term.	Low	
TF	levels	are,	however,	sufficient	to	rescue	the	otherwise	lethal	phenotype	of	TF	deficiency.	It	is	
unknown	which	cells	are	required	to	express	TF	for	normal	embryogenesis	to	take	place,	and	
whether	there	is	selective	preference	for	TF	bearing	cells	to	form	specific	tissues.	To	address	
these	 issues,	chimaeric	mice	were	created	using	TF	wildtype	 (wt)	blastocysts	and	TF	knock-
out	 (-/-)	embryonic	stem	cells.	Using	semi-quantitative	PCR	we	could	show	that	each	organ	
of	the	chimaeric	mice	contained	approximately	equal	amounts	of	genomic	TF(-/-)	and	TF(wt)	
DNA.	We	did	not	observe	a	net	overall	preference	 for	TF(wt)	DNA	 in	 the	 major	arteries	 and	
veins	(aorta,	vena	cava	inferior	and	superior).	Immunohistochemical	analysis	revealed	that	TF	
was	mainly	expressed	(in	a	constitutive	manner)	in	capillary	endothelial	cells	of	the	brain,	the	
collecting	tubules	of	the	kidney,	the	outer	plexiform	layer	of	the	retina,	mature	spermatogonia	
and	epithelial	cells	of	the	intestine.	We	did	not	observe	any	difference	in	TF	protein	expression	
between	chimaeric	and	wildtype	animals	indicating	that	TF	bearing	cells	are	preferred	when	
these	cell	types	emerge.	In	conclusion,	our	data	show	that	TF	chimaeric	mice	are	viable	and	
develop	without	vascular	malformations.	Moreover,	the	capacity	to	produce	TF	on	every	single	
cell	is	not	required	for	normal	embryogenesis,	but	TF	seems	essential	for	the	development	of	
those	cell	types	that	constitutively	express	TF.	
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Introduction

Tissue	factor	is	a	263–amino	acid	transmembrane	glycoprotein	that	serves	as	the	cellular	
receptor	 and	 cofactor	 for	 plasma	 FVII/VIIa	 [1-2].	 In	 addition	 to	 its	 essential	 role	 in	 blood	
coagulation	[3],	it	is	evident	that	TF	serves	an	important	role	in	angiogenesis,	tumor	metastasis,	
induction	 of	 a	 pro-inflammatory	 response	 in	 several	 physiological	 processes	 and	 during	
embryonic	development	[4].

Important	with	respect	to	the	role	of	TF	in	embryonic	development	are	data	showing	that	
knocking	out	the	murine	TF	gene	leads	to	embryonic	lethality	between	embryonic	day	(ED)	
9.5	and	11.5	of	gestation	[5-7].	TF-deficient	blood	vessels	lack	a	proper	muscular	wall,	they	are	
too	fragile	and	have	a	tendency	to	leak	when	blood	pressure	rises	[5-7].	The	early	embryonic	
death	in	TF-deficient	mice	probably	results	from	haemorrhage	and	leakage	of	blood	from	both	
extra-embryonic	and	embryonic	vessels	[5].	Although	TF	knock-out	mice	can	survive	to	birth	if	
delivered	by	Caesarean	section,	they	die	after	just	2–3	weeks	as	a	result	of	major	bleeding	[7].	
In	addition,	some	TF(-/-)	embryos	have	survived	beyond	ED	10.5	in	a	129/SvJ:C57Bl/6	genetic	
background	 in	 contrast	 to	 the	 129/SvJ	 or	 129/SvJ:NIH	 Black	 Swiss	 background	 in	 which	 all	
embryos	died	at	and	around	ED10.5	[7].	A	small	number	of	embryos	survived	into	late	gestation,	
and	died	then	due	to	hemorrhage.	It	is	thus	clear	that	the	genetic	background	has	an	influence	
on	this	phenotype,	but	the	genetic	compensatory	mechanism	remains	unknown.	Consistent	
with	the	severe	bleeding	phenotype	and	consequent	embryonic	lethality	of	TF	deficiency	in	
mice,	no	TF	deficient	human	individuals	are	known,	 implying	that	TF	 is	essential	 for	human	
life.	Interestingly,	very	low	TF	levels	(less	than	1%	of	wt	levels)	seem	sufficient	for	embryonic	
development	and	survival	in	mice	[8],	although	these	animals	typically	die	at	around	8	months	
of	 age	 from	 cardiac	 fibrosis	 and	 left	 ventricular	 dysfunction,	 caused	 by	 haemorrhage	 from	
cardiac	vessels	[9].	In	these	studies	a	human	TF	minigene	(containing	the	human	TF	promoter	
and	cDNA)	was	used.	 In	alternative	studies	 the	presence	of	 the	cytoplasmic	or	extracellular	
domain	 of	TF	 was	 evaluated	 [10-11].	 Mutants	 lacking	 either	 domain	 were	 created	 of	 which	
the	 lines	expressing	the	human	TF	extracellular	mutant	 failed	to	rescue	embryonic	 lethality	
of	murine	TF	deficient	embryos.	Lines	expressing	the	human	TF	cytoplasmic	domain	mutant	
(containing	a	normal	extracellular	domain)	on	the	other	hand	rescued	embryonic	lethality.	This	
indicates	 that	embryogenesis	 requires	 the	TF	extracellular	domain,	probably	 to	support	TF/
FVIIa	protease	activity.	Studies	using	human	melanoma	cell	lines	suggested,	however,	that	the	
cytoplasmic	domain	of	TF	is	essential	for	vascular	endothelial	growth	factor	(VEGF)	production	
[12].

In	the	developing	embryo,	blood	cell	formation	and	vasculogenesis	begins	at	ED	7.5	in	the	
blood	islands	of	the	yolk	sac	[13].	The	endothelial	and	haematopoietic	cells	of	these	islands	
originate	from	a	common	precursor,	termed	the	haemangioblast.	The	primary	vascular	plexus	
formed	in	the	yolk	sac	will	form	the	large	vitelline	blood	vessel.	In	TF	deficient	yolk	sacs,	the	
mesenchyme	derived	smooth	muscle	cells	(i.e.	pericytes)	fail	to	accumulate	and	differentiate	
around	endothelial	cell-lined	capillaries	[6].	In	both	human	and	mouse	organogenesis,	there	
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is	 marked	 expression	 of	TF	 in	 cardiovascular	 and	 central	 nervous	 systems	 [14].	This	 pattern	
of	early	expression	supports	 the	notion	that	TF	serves	as	an	 important	morphogenic	 factor	
during	embryogenesis.

In	this	study	we	focused	on	the	role	of	TF	in	embryogenesis.	Pluripotent	embryonic	stem	
(ES)	cells	are	able	to	differentiate	in vivo	into	all	cell	types	of	the	fetal	and	adult	organism	and	
in vitro	 they	 can	 differentiate	 into	 a	 variety	 of	 cell	 types.	 In	 order	 to	 examine	 and	 compare	
the	 developmental	 potential	 of	 TF(-/-)	 ES	 cells,	 we	 exposed	 them	 to	 an	 environment	 that	
is	 permissive	 for	 the	 development	 of	 all	 cell	 types	 of	 the	 embryo,	 namely	 the	 mouse	 pre-
implantation	 blastocyst.	 To	 this	 end,	 we	 created	 TF	 chimaeric	 mice	 to	 investigate	 whether	
the	capacity	to	produce	TF	is	obligatory	for	every	single	cell	in	order	to	develop	normally	and	
whether	there	is	selective	pressure	on	TF	bearing	cells	to	form	specific	tissues.

Materials and Methods

Embryonic stem cell culture
TF	deficient	embryonic	stem	(ES)	cells	(129SV/C57Bl/6),	derived	from	TF	knock-out	mice,		

[6]	 were	 kindly	 provided	 by	 Dr.	 Dewerchin	 (Belgium,	 Center	 for	Transgene	Technology	 and	
Gen	Therapy,	 KULeuven,	 Belgium).	The	 ES	 cells	 were	 cultured	 in	 complete	 medium	 (DMEM,	
high	glucose,	w/o	Na-pyruvate-Gibco,	15%	fetal	calf	serum	(FCS),	2mM	glutamine,	1	mM	Na-
pyruvate,	non-essential	amino	acids,	0.1	mM	β-mercapto-ethanol	and	1x103	U/ml	Leukemia	
Inhibitory	Factor	(LIF))	on	irradiated	(25	Gy),	and	thus	mitotically	inactive,	mouse	embryonic	
fibroblasts.	Prior	to	blastocyst	injection,	ES	cells	were	trypsinized	and	resuspended	in	complete	
medium	without	β-mercapto-ethanol	and	LIF.

Generation of chimaeric mice
Mouse	stocks	used	for	embryo	donors	were	six	week	old	C57Bl/6	(Harlan,	The	Netherlands),	

maintained	 under	 controlled	 lightening	 conditions	 (14	 hours	 light,	 10	 hours	 dark).	 The	
females	 were	 superovulated	 by	 the	 injection	 of	 Follicle	 Stimulating	 Hormone	 (5	 I.U.	 PMSG;	
Folligon,	Intervet	Co.,	The	Netherlands).	Forty-eight	hours	after	PMSG	injection	of	Luteinizing	
Hormone	(5	I.U	hCG;	Chorulon:	Intervet	Co.,	The	Netherlands)	was	administered	and	mating	
was	concomitantly	initiated.	The	presence	of	a	vaginal	plug	was	examined	16	hours	after	hCG	
injection	 and	 blastocysts	 were	 collected	 after	 72	 hours.	 Chimaeric	 mice	 were	 generated	 by	
microinjection	of	the	TF(-/-)	ES	cells	into	C57Bl/6	blastocysts	as	described	[15].	After	injection	
with	ES	cells,	blastocysts	were	incubated	for	30	minutes	at	37˚C	to	allow	proper	remodeling.	
Subsequently,	 the	 blastocysts	 were	 reimplanted	 into	 pseudo-pregnant	 FVB	 foster	 mothers	
using	standard	techniques	[16].

All	 mice	 were	 maintained	 at	 the	 animal	 care	 facility	 at	 the	 Academic	 Medical	 Center	
according	to	institutional	guidelines,	with	free	access	to	food	and	water.	Animal	procedures	
were	carried	out	in	compliance	with	the	Institutional	Standards	for	Humane	Care	and	Use	of	
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Laboratory	 Animals.	 All	 mice	 were	 housed	 in	 the	 same	 temperature-controlled	 room	 with	
alternating	12h	light/dark	cycles.

Tissue collection and processing
Chimaeric	 mice	 were	 anesthesized	 with	 Hyponorm®	 (Janssen	 Pharmaceutica,	 Beerse,	

Belgium)	 and	 midazolam	 (Roche,	 Meidrecht,	 The	 Netherlands),	 organs	 were	 collected	 and	
blood	 was	 sampled	 from	 the	 inferior	 vena	 cava	 (VCI).	 One	 part	 of	 each	 tissue	 was	 used	 to	
collect	genomic	DNA.	To	this	end,	tissues	were	lysed	in	lysis	buffer	(100mM	Tris,	pH	8.3,	5	mM	
EDTA,	200	mM	NaCl,	0.2%	SDS	and	100	μg/ml	proteinase	K)	at	55˚C	and	DNA	was	extracted	
using	the	standard	phenol/chloroform	extraction	procedure.	The	other	part	of	the	organ	was	
fixed	24	hours	in	4%	formaldehyde	and	embedded	in	paraffin	after	dehydration	using	graded	
alcohols	and	butanol,	using	routine	methods.	

Quantitative Polymerase Chain Reaction
The	PCR	reaction	was	carried	out	 in	a	 total	volume	of	21	μl	of	PCR	mix	 (0.5	U	AmpliTaq	

polymerase	(PerkinElmer,	Norwalk,	CT),	1.25	mM	dNTPs,	2.1	µl	10x	Pol	buffer	(0.67	M	Tris-HCl	pH	
8.8,	67	mM	MgCl2,	0.1	M	β-mercapto-ethanol,	67	µM	EDTA,	and	0.166	M	(NH4)2SO4),	0.5	mg/ml	
BSA,	and	4	μg/ml	of	each	primer)	on	a	thermocycler	(PerkinElmer)	with	the	following	sequence:	

92°C	for	4	min	(one	cycle),	followed	immediately	by	91°C	for	1	min,	55°C	for	1	min,	and	57°C	for	
2	min	(32	cycles),	and	a	final	extension	phase	of	72°C	for	7	min.	The	primer	sequences	were	as	
follows:	Neo-cassette	forward:	Neopf3:	5’TGC	TCC	AGA	CTG	CCT	TGG	GAA	AAG	3’,	TF	forward:	
5’	GCA	TTC	CAG	AGA	AAG	CGT	TTA	ATT	3’,	TF	reverse:	5’AAC	CGA	CTT	CAA	AGA	GTC	CCT	ATT	3’.	
The	PCR	products	were	separated	on	a	2%	agarose	gel	and	visualized	by	UV	illumination.

Tissue Factor Immunostaining
Paraffin	 slides	 were	 deparaffinized	 using	 xylene	 and	 rehydrated	 in	 graded	 alcohols.	

Endogenous	peroxidase	activity	was	quenched	with	1.5%	H2O2	in	phosphate	buffered	saline	
(PBS)	for	30	minutes	and	then	washed	in	PBS.	Non-specific	binding	sites	were	blocked	with	
TENG-T	(10mM	Tris,	5	mM	EDTA,	0.15	M	NaCl,	0.25%	gelatin,	0.05%	(v/v)	Tween-20,	pH	8.0)	for	30	
minutes.	After	washing	with	PBS,	slides	were	incubated	overnight	at	4˚C	with	a	primary	rabbit	
anti-mouse	TF	polyclonal	antibody		[17]	diluted	in	1%	Bovine	Serum	Albumin	(BSA)	in	PBS	or	
with	 a	 rabbit	 IgG	 negative	 control	 antibody.	 After	 washing	 with	 PBS,	 slides	 were	 incubated	
with	biotinylated	goat	anti-rabbit	Ab	 (DAKO,	Glostrub,	Denmark)	diluted	 in	PBS/1%	BSA	 for	
1.5	hours	at	room	temperature.	Slides	were	washed	using	PBS,	 incubated	with	streptavidin-
biotin-horseradish	peroxidase	(DAKO,	Glostrub,	Denmark)	 for	30	minutes	and	washed	again	
with	PBS.	The	slides	were	subsequently	preincubated	in	acetate	buffer,	pH	5.0	for	2	minutes	
and	stained	with	filtered	(0.45	μm)	3-amino-9-ethylcarbazole	(AEC,	0.2	gram/l)	and	1.5%	H2O2	

in	 acetate	 buffer	 for	 5-15	 minutes.	 The	 reaction	 was	 stopped	 in	 dH2O.	 Finally,	 slides	 were	
counterstained	 with	 hematoxylin	 and	 eosin.	 Examination	 of	 immunohistochemical	 stained	
slides	was	performed	on	coded	samples	in	a	blinded	fashion.
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Results

Chimaeric mice
After	microinjection	of	wildtype	blastocysts	with	TF(-/-)	ES	cells,	five	mice	were	found	to	be	

chimaeric	for	TF	expression.	They	were	healthy	and	vital	and	developed	without	vascular	or	
other	malformations.	Moreover,	they	were	able	to	reproduce	(every	single	chimaera	produced	
offspring	with	expected	nest-size)	and	to	live	a	normal	lifespan	(the	chimaeras	were	sacrificed	
at	around	an	age	of	1	year).	So	no	overt	phenotype	was	observed	in	the	chimaeric	mice.

Quantification of TF chimaerism
To	determine	the	ratio	between	TF(-/-)	and	TF(wt)	cells	in	the	chimaeras,	DNA	was	isolated	

from	 different	 organs	 and	 tissues	 (aorta,	 bone,	 brain,	 colon,	 ear,	 eye,	 gonads,	 heart,	 kidney,	
liver,	lung,	muscle	(hind	leg),	skin,	small	intestine,	spleen,	tail,	thymus,	toes,	vena	cava	superior	
and	 inferior)	 and	 the	 percentage	 of	TF(-/-)	 cells	 was	 determined.	 As	 shown	 in	 table	 1,	 most	
organs	 have	 approximately	 equal	 amounts	 of	TF(-/-)	 DNA	 compared	 to	TF(wt)	 DNA	 (with	 a	
range	between	38	and	58%	TF(-/-)	DNA).	Please	note	that	in	the	large	arteries	and	veins	(aorta	
and	vena	cava	inferior	(VCI)	and	superior	(VCS))	no	net	overrepresentation	was	observed	for	
TF(wt)	cells	as	again	approximately	50%	of	DNA	was	derived	from	TF(-/-)	ES	cells.	Occasionally,	
lower	 percentages	 of	TF(-/-)	 were	 seen,	 like	 in	 the	 gonads,	 but	 such	 lower	 values	 were	 not	
consistently	observed	in	all	chimaeras.

Immunohistochemistry for TF in chimaeric mice
In	order	to	determine	whether	the	chimaeric	mice	also	show	chimaerism	in	constitutive	

TF	 expression,	 we	 performed	TF	 immunohistochemistry	 on	 paraffin	 sections	 from	 different	
tissues.	This	analysis	showed	that	TF	was	expressed	in	most	of	the	organs	that	were	selected	
for	this	analysis	but	not	in	all.	For	example,	TF	was	not	expressed	in	the	heart	muscle,	in	the	
muscles	of	the	thigh	or	in	the	liver	(data	not	shown).	TF	was,	however,	expressed	in	all	capillary	
endothelial	 cells	 of	 the	 brain	 (figure	 1),	 the	 collecting	 tubules	 of	 the	 kidney	 (figure	 2),	 and	
outer	plexiform	layer	of	the	retina	(figure	3).	In	addition,	TF	expression	was	observed	in	mature	
spermatogonia	and	epithelial	cells	of	the	intestine	(data	not	shown).	In	fact	we	did	not	observe	
any	difference	in	the	distribution	of	TF	expression	between	chimaeric	and	wildtype	animals	
(figures	1-3),	indicating	that	cells	that	constitutively	express	TF	are	derived	from	wildtype	cells	
only.	

Discussion 

The	 embryonic	 lethality	 of	 TF	 deficient	 mice	 in	 combination	 with	 the	 notion	 that	 TF	
deficiency	 is	 incompatible	 human	 life	 suggests	 that	 TF	 is	 essential	 for	 normal	 embryonic	
development	 and	 survival	 [5-7].	 As	 TF	 deficient	 mice	 suffer	 from	 massive	 bleeding	
complications,	it	is	hypothesized	that	vascular	development	is	impaired	in	TF	deficient	mice.	



151

The capacity to produce TF in all cells is not required for development

Expression	levels	as	low	as	1%	are	sufficient	to	rescue	embryonic	lethality	[8].	This	latter	study	
however	does	not	address	 the	question	which	cells	critically	express	TF	 in	order	 to	support	
normal	embryogenesis.	Our	data	show	that	TF	needed	to	be	present	on	only	a	minority	of	cell	
types,	such	as	the	capillary	endothelial	cells	of	the	brain,	the	epithelium	of	collecting	tubules	
of	the	kidney,	and	the	outer	plexiform	layer	of	the	retina.

In	the	current	study,	we	generated	TF	chimaeric	mice	consisting	of	about	50%	wildtype	
and	50%	TF(-/-)	cells.	As	an	exception,	the	gonads	of	2	out	of	5	chimaeric	mice	were	almost	
completely	TF(wt)	derived	(90%,	see	Table	1).	We	are	not	certain	of	the	reason	for	this,	but	the	
fact	that	the	other	3	chimaeric	mice	did	not	show	bias	towards	wildtype	cells	suggests	that	this	
may	have	been	a	chance	finding.	

Table 1: Percentage	of	TF	knock-out	DNA	in	different	organs	of	the	chimaeric	mice,	as	a	measurement	of	the	
percentage	of	TF(-/-)	cells.	Analyzed	by	quantitative	PCR.	-	:	No	DNA	available.	Please	note	that	the	testis	only	
had	10%	knock-out	cells.	*VCI/VCS:	vena	cava	inferior	and	vena	cava	superior.

	
Mouse	1 Mouse	2 Mouse	3 Mouse	4 Mouse	5

Aorta 60.0 56.5 54.5 - 60.0

Bone 56.5 60.0 58.3 - -

Brain 52.4 56.5 56.5 40.0 50.0

Colon 52.4 56.5 58.3 - -

Ear - 56.5 54.5 - -

Eye 52.4 58.3 54.5 - -

Gonad	Left 61.5 63.0 63.0 10.0 10.0

Gonad	Right 56.5 61.5 41.2 10.0 10.0

Heart 56.5 58.3 58.3 40.0 70.0

Kidney 54.5 56.5 41.2 - -

Liver 50.0 56.5 50.0 60.0 40.0

Lung 54.5 58.3 58.3 40.0 70.0

Muscle	(hind	leg) 52.4 60.0 56.5 50.0 60.0

Skin 56.5 56.5 52.4 - -

Small	intestine - 54.5 50.0 - -

Spleen 60.0 - 61.5 - -

Tail 56.5 58.3 54.5 40.0 50.0

Thymus 58.3 56.5 56.5 - -

Toe 54.5 58.3 54.5 - -

VCI/VCS* 56.5 60.0 50.0 50.0 40.0

Average 55.7 58.0 54.2 37.8 46.0
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Figure 1: Immunohistochemical	TF	
staining	of	brain	sections	from	chi-
maeric	 mice	 (panels	 A	 and	 B)	 and	
wildtype	controls	(panels	C	and	D).	
Shown	is	a	TF	positive	blood	vessel	
in	the	cortex.	All	cells	of	the	vessel	
are	 TF	 positive,	 whereas	 all	 other	
cells	 present	 in	 the	 cortex	 do	 not	
express	TF	 constitutively.	 Panels	 A	
and	C:	40x	magnification;	panels	B	
and	D:	100x	magnification.	(For co-
lor figure see page 196)

Figure 2: Immunohistochemi-
cal	 TF	 staining	 of	 kidney	 sections	
from	chimaeric	mice	(A	and	B)	and	
wildtype	 controls	 (C	 and	 D).	 The	
collecting	tubules	in	the	kidney	all	
constitutively	 express	 TF,	 whereas	
other	 cells	 of	 the	 kidney	 marrow	
are	TF	negative.	Panels	A	and	C:	40x	
magnification;	panels	B	and	D:	100x	
magnification.	 (For color figure see 
page 196)

Figure 3: Immunohistochemical	TF	
staining	 of	 eye	 sections	 from	 chi-
maeric	mice	(A	and	B)	and	wildtype	
controls	(C	and	D).	Shown	is	a	cross	
section	of	the	eye	of	which	only	the	
outer	 plexiform	 layer	 of	 the	 retina	
stains	positive	for	TF.	All	other	layers	
like	 for	 instance	 the	 ganglion	 cell	
layer,	 the	 inner	 plexiform	 layer	 and	
the	 inner	 nuclear	 layer	 do	 not	 con-
stitutively	express	TF.	Panels	A	and	C:	
40x	 magnification;	 panels	 B	 and	 D:	
100x	magnification.	 (For color figure 
see page 196)
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The	 chimaeric	 mice	 showed	 no	 overt	 phenotype,	 implying	 that	 TF	 is	 not	 essential	 for	
every	single	cell	 for	normal	development.	This	finding	 is	perhaps	not	 that	surprising	as	not	
all	cells	express	TF,	but	urged	us	to	determine	whether	TF	expression	also	shows	a	chimaeric	
pattern	 in	 the	 chimaeric	 mice.	 As	 shown	 in	 figures	 1-3,	 only	 a	 limited	 number	 of	 cell	 types	
express	 TF	 constitutively.	 As	 shown	 previously,	 the	 capillary	 endothelial	 cells	 of	 the	 brain	
[17,18],	the	collecting	tubules	of	the	kidney	[17]	and	outer	plexiform	layer	of	the	retina	express	
high	amount	of	TF.	In	addition,	TF	is	also	expressed	by	a	subset	of	spermatogonia,	especially	
the	 mature	 cells	 [14,19],	 and	 by	 differentiated	 intestinal	 epithelium	 [14,19].	 Interestingly,	 as	
opposed	 to	 scattered	TF	 expression	 in	 the	 spermatogonia	 and	 the	 intestine,	 all	 cells	 of	 the	
capillary	endothelial	cells	of	the	brain,	collecting	tubules	and	outer	plexiform	layer	of	the	retina	
were	TF	positive.	Especially	in	these	latter	structures	TF	expression	was	distinct	in	all	cells,	and	
a	chimaeric	TF	expression	pattern	would	have	been	easy	to	detect	by	immunohistochemistry.	
The	detection	of	chimaerism	in	spermatogonia	and	epithelial	cells	of	the	intestine	was	more	
difficult	to	document	as	these	structures	already	display	a	chimaeric-like	pattern	in	wildtype	
mice.	As	shown	in	figures	1-3,	however,	TF	expression	is	indistinguishable	between	wildtype	
and	 chimaeric	 animals	 suggesting	 that	TF	 expression	 is	 also	 essential	 for	 the	 development	
(and	probably	function)	of	these	structures.	The	rationale	for	the	selective	pressure	on	TF	in	
the	capillary	endothelial	cells	of	the	brain,	the	collecting	tubules	and	the	outer	plexiform	layer	
of	the	retina	is	not	known.	One	could	speculate	that	TF	in	the	capillary	endothelial	cells	of	the	
brain	serves	to	protect	against	fatal	embryonic	bleeding	[20-22],	although	it	is	not	evident	why	
we	did	not	observe	selective	pressure	for	TF	expression	in	other	vessels.

	 There	 are	 several	 potential	 limitations	 to	 our	 study.	 First,	 the	 immunohistochemical	
analysis	was	performed	with	a	single	TF	antibody.	Although	TF	expression	determined	using	
this	antibody	correlated	particularly	well	with	patterns	obtained	with	other	antibodies	[17],	
we	can	not	exclude	subtle	discrepancies	with	antibodies	used	elsewhere.	Notably,	we	did	
not	observe	TF	expression	in	heart,	in	agreement	with	observations	by	Fleck	[23],	but	some	
other	studies	do	not	only	show	TF	expression	in	heart	tissue	[18]	(mRNA	[14]),	but	also	claim	
a	prominent	role	of	cardiomyocyte	TF	[24].	Second,	our	study	only	addresses	constitutive	and	
not	induced	TF	expression.	It	would	be	interesting	to	assess	whether	induced	TF	expression	
(i.e.	 induced	 by	 inflammatory	 mediators	 like	 LPS	 [25,18,26]	 or	 by	 cancer	 cells	 [27,28])	 is	
also	 indistinguishable	between	wildtype	and	chimaeric	mice.	The	generation	of	chimaeric	
mice	is	unfortunately	rather	laborious,	which	severely	compromises	the	generation	of	large	
numbers	of	chimaeric	animals	to	perform	such	studies.	Third,	immunohistochemistry	does	
neither	discriminate	between	active	(coagulant)	TF	and	encrypted	[1]	or	signal	transduction	
[29]	TF,	nor	does	it	allow	quantitative	analysis	of	TF	expression.	It	is	thus	difficult	to	establish	
with	certainty	whether	TF	coagulant	or	TF	signaling	properties	(or	both)	are	essential	for	the	
development	of	collecting	tubules,	the	capillary	endothelial	cells	of	the	brain	and	the	outer	
plexiform	layer	of	the	retina.	Finally	we	performed	our	studies	with	mice	on	a	mixed	129/Sv/
C57Bl/6	background.	As	genetic	background	is	a	rather	important	determinant	of	the	TF(-/-)	
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phenotype	(see	introduction),	we	cannot	exclude	that	on	other	genetic	backgrounds	there	
would	have	been	selection	for	TF	expression	in	additional	vessels	(or	cell	types).

In	conclusion,	the	capacity	to	express	TF	on	every	single	cell	is	not	obligatory	for	normal	
development	although	selective	pressure	on	TF	bearing	cells	is	evident	in	specific	tissues.
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Abstract

The	embryonic	lethality	of	tissue	factor	(TF)	deficient	mice	suggests	that	TF	is	essential	for	
normal	embryonic	development	and	survival.	Since	TF	deficient	embryos	suffer	from	massive	
bleeding,	it	has	been	suggested	that	vascular	development	is	impaired	in	TF	deficient	mice.	Our	
previous	studies	using	TF	chimaeric	mice	did,	however,	not	provide	solid	evidence	for	a	role	
of	TF	in	vascular	development.	To	further	study	the	role	of	TF	in	the	early	formation	of	blood	
vessels,	we	generated	wildtype	and	TF	deficient	embryoid	bodies	and	determined	the	capacity	
of	these	embryoid	bodies	to	differentiate	into	endothelial	cells	and	smooth	muscle	cells.	We	
could	show	that	wildtype	TF	embryoid	bodies	indeed	differentiated	into	smooth	muscle	cells	
and	 endothelial	 cells	 and	 that	 these	 cells	 came	 in	 close	 contact,	 eventually	 forming	 vessel-
like	structures.	Heterozygous	and	homozygous	TF	deficient	embryoid	bodies	were	also	able	
to	differentiate	 into	endothelial	cells	and	smooth	muscle	cells	and	again	these	cells	 formed	
vessel-like	structures	that	were	indistinguishable	from	those	obtained	from	wildtype	embryoid	
bodies.	 In	 conclusion,	 by	 studying	 in vitro	 embryoid	 body	 development,	 we	 did	 not	 obtain	
evidence	that	TF	is	involved	in	early	vascular	development.
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Introduction

Tissue	 factor	 (TF),	 the	 cellular	 receptor	 and	 cofactor	 for	 plasma	FVII/VIIa	 [1-2],	 serves	 an	
important	role	in	embryonic	development	[3].	This	notion	is	based	on	the	fact	that	knocking	
out	the	murine	TF	gene	leads	to	embryonic	lethality	between	embryonic	day	(ED)	9.5	and	11.5	
of	gestation	[4-5].	TF-deficient	blood	vessels	lack	a	proper	muscular	wall,	they	are	fragile,	and	
they	have	a	tendency	to	leak	when	blood	pressure	rises	[4-5].	The	early	embryonic	death	in	
TF-deficient	mice	probably	results	from	haemorrhage	and	leakage	of	blood	from	both	extra-
embryonic	and	embryonic	vessels	[4].	

Very	low	TF	levels	(less	than	1%	of	wt	levels)	seem	sufficient	for	embryonic	development	
and	 survival	 in	 mice	 [6],	 although	 animals	 with	 low	TF	 typically	 die	 at	 around	 8	 months	 of	
age	from	cardiac	fibrosis	and	left	ventricular	dysfunction	caused	by	haemorrhage	from	cardiac	
vessels	[7].	We	recently		showed	that	TF	chimaeric	mice,	consisting	of	50%	wildtype	and	50%	
TF	deficient	cells	on	average,	develop	normally	and	no	net	overall	preference	for	TF(wt)	DNA	
in	the	major	arteries	and	veins	was	observed	[8].	Importantly,	no	overt	malformations	in	the	
vascular	integrity	of	the	chimaeras	were	evident.		

In	the	developing	embryo,	blood	cell	formation	and	vasculogenesis	begins	at	ED	7.5	in	the	
blood	islands	of	the	yolk	sac	[9].	The	endothelial	cells	(ECs)	and	haematopoietic	cells	of	these	
islands	originate	from	a	common	precursor	termed	the	hemangioblast.	The	primary	vascular	
plexus	 formed	 in	 the	 yolk	 sac	 will	 form	 the	 large	 vitelline	 blood	 vessel.	 In	TF	 deficient	 yolk	
sacs,	 the	 mesenchyme	 derived	 smooth	 muscle	 cells	 (SMCs)/pericytes	 are	 thought	 to	 fail	 to	
accumulate	and	differentiate	around	EC-lined	capillaries	[10].	

In	this	study	we	focus	on	TF	and	its	role	in	vasculogenesis	and	especially	on	the	capacity	of	
pluripotent	stem	cells	with	different	TF	genotypes	to	differentiate	into	ECs	and	SMCs.	Pluripotent	
embryonic	stem	cells	(ESCs)	are	able	to	differentiate	 in vivo	into	all	cell	types	of	the	fetal	and	
adult	organism.	In vitro	ESCs	are	able	to	differentiate	into	a	variety	of	cell	types	and	after	these	
assemble	into	embryoid	bodies,	vascular	development	occurs.	This	suggest	that	ESCs	produce	
all	the	factors	needed	for	the	induction	of	vasculogenesis	[11-12]	and	can	serve	as	a	simple	
model	for	early	vascular	development,	particularly	well	suited	for	loss	of	function	analysis	of	
genes	required	for	embryogenesis	[13].	In	order	to	examine	and	compare	the	developmental	
potential	of	TF	deficient	ESCs	and	to	investigate	the	necessity	of	the	presence	of	TF	in	order	to	
form	blood	vessels	we	used	embryoid	bodies	of	three	different	genotypes	(TF(+/+),	TF(+/-)	and	
TF(-/-))	and	followed	differentiation	into	blood	vessel	components.

Materials and Methods

Embryonic stem cell culture
TF	deficient	embryonic	stem	(ES)	cells	(129SV/C57Bl/6),	derived	from	TF	knock-out	mice,		

[10]	were	kindly	provided	by	Dr.	Dewerchin	(Belgium,	Center	for	Transgene	Technology	and	
Gen	Therapy,	KU	Leuven,	Belgium).	The	ES	cells	were	cultured	in	complete	medium	(DMEM,	
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high	glucose,	w/o	Na-pyruvate-Gibco,	15%	fetal	calf	serum	(FCS),	2mM	glutamine,	1	mM	Na-
pyruvate,	 non-essential	 amino	 acids,	 0.1	 mM	 β-mercapto-ethanol	 and	 1.103	 U/ml	 Leukemia	
Inhibitory	Factor	(LIF))	on	irradiated	(25	Gy),	and	thus	mitotically	inactive,	mouse	embryonic	
fibroblasts.	Prior	to	blastocyst	injection,	ES	cells	were	trypsinized	and	resuspended	in	complete	
medium	without	β-mercapto-ethanol	and	LIF.

Generation of embryoid bodies
To	 generate	 embryoid	 bodies	 the	“hanging	 drop”	 method	 was	 followed	 [14].	 In	 short,	

800	ES	cells	in	20μl	drops	(DMEM	as	described	above	without	LIF)	were	placed	on	the	lid	of	
bacteriological	 grade	 Petri	 dishes,	 containing	 phosphate	 buffered	 saline	 (PBS)	 for	 4	 days.	
Differentiation	was	evoked	by	bringing	the	embryoid	bodies	into	culture,	one	embryoid	body	

Figure 1: Immunofluorescence	of	wildtype	and	TF	deficient	embroid	bodies.	The	left	panel	is	stained	for	the	en-
dothelial	marker	CD31.	The	right	panel	is	stained	for	smooth	muscle	actin,	a	smooth	muscle	marker.	Genotypes	
as	indicated	on	the	left.	Magnification:	63x.	Please	note	that	the	overall	appearance	of	the	cells	and	the	distribu-
tion	of	CD31	and	smooth	muscle	actin	are	the	same	for	all	genotypes.	(For color figure see page 197)
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per	culture	well	(24-well	plate,	COSTAR,	diameter	ca.	1.5	cm)	on	coverslips	coated	with	a	layer	
of	0.1%	gelatine	or	0.1%	collagen	in	medium	with	10	ng/ml	VEGF.	

Immunofluorescence
The	embryoid	bodies	grown	on	coverslips	were	washed	using	PBS	and	fixated	in	acetone/

methanol	 (1:1)	 for	 5	 minutes.	 After	 rinsing	 with	 PBS	 the	 first	 antibody	 (M390-CD31/PECAM	
Rat	α	Mouse,	smooth	muscle	cell	actin	Mouse	α	Mouse	or	BS-1	Lectin-green	fluorescent)	was	
added	and	incubated	for	45	minutes	at	room	temperature.	After	rinsing	again	the	slides	were	

Figure 2: Immunofluorescence	staining	of	the	sprouting	of	a	TF	-/-	embroid	body	using	a	smooth	muscle	actin	
marker	together	with	a	lectin	marker.	The	lower	insert	shows	a	lectin	marked	endothelial	vessel-like	structure	
(green)	surrounded	by	smooth	muscle	cells	(red).		The	upper	insert	shows	a	3D	representation	of	the	blood	ves-
sel-like	structure.	The	main	figure	is	a	red	and	green	reconstruction	of	the	vessel-like	structure	to	be	viewed	with	
red/green	spectacles	for	a	3D	impression.	(For color figure see page 198)
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incubated	30	minutes	with	the	second	antibody	(Goat	α	Rat-Cy3	or	Goat	α	Mouse-Cy3).	When	
using	Goat	α	Rat-Cy3	a	third	antibody	was	used	to	magnify	the	signal	(Donkey	α	Goat-Cy3).	
Subsequently	the	slides	were	rinsed	in	PBS	(without	Ca2+	and	Mg2+)	and	water,	imbedded	in	
vectashield	and	dried.	Nuclei	were	stained	using	Hoechst	when	needed.	Slides	were	studied	
using	fluorescence	and	confocal	microscopy.

Results and Discussion

Since	 there	 is	controversy	whether	TF	 is	compulsory	 for	blood	vessel	 formation	and	 for	 the	
interaction	between	endothelial	en	smooth	muscle	cells,	we	set	up	a	model	using	differentiating	
embryoid	bodies	to	study	the	influence	of	TF	deficiency	on	the	capacity	to	form	blood	vessels.	As	
shown	in	figure	1,	wildtype	embryoid	bodies	did	differentiate	into	endothelial	cells	(as	shown	by	
CD31	and	lectin	staining)	and	smooth	muscle	cells	(as	shown	by	smooth	muscle	actin	staining).	
It	appeared	as	 if	 the	smooth	muscle	cells	 lay	mostly	on	top	of	the	endothelial	cells,	suggesting	
that	 these	 two	 cell	 types	 indeed	 interacted	 (not	 shown).	 As	 also	 shown	 in	 figure	 1,	 embryoid	
bodies	 which	 are	 either	 heterozygous	 deficient	 for	 TF	 or	 homozygous	 deficient	 differentiated	
normally	 into	endothelial	cells	and	smooth	muscle	cells.	Similarly	to	wildtype	embryoid	bodies,	
deficient	embryoid	bodies	also	formed	vessel-like	structures.	Figure	2	shows	a	3D	composition	for	
a	TF	(-/-)	vessel-like	structure	composed	of	endothelium	surrounded	by	smooth	muscle	cells.	This	
reconstruction	was	exactly	the	same	as	for	a	normal	embryoid	body	(not	shown)

Previously,	 we	 showed	 that	TF	 chimaeric	 mice,	 consisting	 of	 50%	 wildtype	 and	 50%	TF	
deficient	cells	on	average,		develop	normally	and	no	net	overall	preference	for	TF(wt)	DNA	in	
the	major	arteries	and	veins	was	observed	[8].	Such	chimeras	represent	a	rather	complicated	
model	system	and	it	 is	hard	to	draw	firm	conclusions.	Therefore,	we	aimed	in	this	particular	
study	at	individual	cells	and	their	capacity	to	differentiate	towards	SMCs	and	ECs.	The	embryoid	
body	model	used	is	a	standardized	model	[12]	which	is	very	suited	to	answer	questions	related	
to	early	vascular	development	[13].	Using	this	model,	we	did	not	obtain	any	evidence	that	TF	is	
involved	in	vasculogenesis.	However,	it	is	known	that	TF	knock-out	mice	do	die	in	utero	due	to	
bleeding	complications.	Most	likely,	these	bleeding	problems	do	not	result	from	inappropriate	
vessel	development,	but	from	small	bleedings	during	stress	in	utero.	Such	bleedings	normally	
do	not	cause	problems,	but	might	be	hazardous	to	the	TF	deficient	embryos.

Overall,	our	data	show	that	embryoid	bodies	without	functional	TF	differentiate	into	vessel	
like	structures	as	do	wildtype	embryoid	bodies.	These	findings	do	not	support	a	major	role	for	
TF	expression	in	early	vessel	formation.

Acknowledgements

Peter	 Bouwman	 and	 Mariette	 H.	 E.	 Driessens,	 both	 from	 the	 Netherlands	 Institute	 for	
Developmental	 Biology	 in	 Utrecht	 (The	 Hubrecht	 laboratory)	 are	 greatly	 acknowledged	 for	
their	help	and	the	use	of	the	specialized		equipment	that	was	used	for	these	experiments.



165

Differentiation of tissue factor knock-out embryoid bodies

References

1.	 Bach,	R.R.,	Initiation	of	coagulation	by	tissue	factor.	CRC	Crit	Rev	Biochem,	1988.	23(4):	p.	339-68.
2.	 Edgington,	T.S.,	et	al.,	The	structural	biology	of	expression	and	function	of	tissue	factor.	Thromb	Hae-

most,	1991.	66(1):	p.	67-79.
3.	 Spek,	 C.A.,	Tissue	 factor:	 from	‘just	 one	 of	 the	 coagulation	 factors’	 to	 a	 major	 player	 in	 physiology.	

Blood	Coagul	Fibrinolysis,	2004.	15	Suppl	1:	p.	S3-10.
4.	 Bugge,	T.H.,	et	al.,	Fatal	embryonic	bleeding	events	in	mice	lacking	tissue	factor,	the	cell-associated	

initiator	of	blood	coagulation.	Proc	Natl	Acad	Sci	U	S	A,	1996.	93(13):	p.	6258-63.
5.	 Toomey,	J.R.,	et	al.,	Targeted	disruption	of	the	murine	tissue	factor	gene	results	in	embryonic	lethality.	

Blood,	1996.	88(5):	p.	1583-7.
6.	 Parry,	G.C.,	et	al.,	Low	levels	of	tissue	factor	are	compatible	with	development	and	hemostasis	in	mice.	

J	Clin	Invest,	1998.	101(3):	p.	560-9.
7.	 Pawlinski,	 R.,	 et	 al.,	Tissue	 factor	 deficiency	 causes	 cardiac	 fibrosis	 and	 left	 ventricular	 dysfunction.	

Proc	Natl	Acad	Sci	U	S	A,	2002.	99(24):	p.	15333-8.
8.	 Brüggemann,	L.W.,	Van	Roon,	M.A.,	Geerdink,	A.G.,	Reitsma,	P.H.,	and	Spek,	C.A.,	The	capacity	to	pro-

duce	tissue	factor	on	every	single	cell	is	not	obligatory	for	normal	development	although	selective	
pressure	on	TF	bearing	cells	is	evident	in	specific	tissues.	2008.	Submitted.

9.	 Toomey,	J.R.,	et	al.,	Effect	of	tissue	factor	deficiency	on	mouse	and	tumor	development.	Proc	Natl	Acad	
Sci	U	S	A,	1997.	94(13):	p.	6922-6.

10.	 Carmeliet,	 P.,	 et	 al.,	 Role	 of	 tissue	 factor	 in	 embryonic	 blood	 vessel	 development.	 Nature,	 1996.	
383(6595):	p.	73-5.

11.	 Doetschman,	T.C.,	et	al.,	The	in	vitro	development	of	blastocyst-derived	embryonic	stem	cell	lines:	forma-
tion	of	visceral	yolk	sac,	blood	islands	and	myocardium.	J	Embryol	Exp	Morphol,	1985.	87:	p.	27-45.

12.	 Doetschman,	T.,	et	al.,	Embryonic	stem	cell	model	systems	for	vascular	morphogenesis	and	cardiac	
disorders.	Hypertension,	1993.	22(4):	p.	618-29.

13.	 Jakobsson,	L.,	J.	Kreuger,	and	L.	Claesson-Welsh,	Building	blood	vessels--stem	cell	models	in	vascular	
biology.	J	Cell	Biol,	2007.	177(5):	p.	751-5.

14.	 Maltsev,	V.A.,	et	al.,	Cardiomyocytes	differentiated	in	vitro	from	embryonic	stem	cells	developmentally	
express	cardiac-specific	genes	and	ionic	currents.	Circ	Res,	1994.	75(2):	p.	233-44.





Summary

Chapter 2





169

Summary

Summary

Blood	 coagulation	 is	 a	 complex	 process	 aimed	 at	 preventing	 blood	 loss	 after	 vascular	
injury.	The	sub-endothelial	matrix	of	the	damaged	vessel	wall	is	rapidly	covered	by	a	platelet-	
and	fibrin-containing	clot	thereby	stopping	bleeding	and	allowing	the	repair	of	the	damaged	
vessel.	 Concurrently,	 a	 cascade	 of	 proteolytic	 reactions	 of	 coagulation	 factors	 results	 in	 the	
formation	of	fibrin	strands	which	strengthen	the	platelet	plug.	Until	several	years	ago,	it	was	
generally	believed	that	the	individual	coagulation	factors	represented	a	group	of	relative	passive	
mediators	only	involved	in	the	linear	transduction	of	the	coagulation	cascade.	Nowadays,	it	is	
however	generally	believed	that	these	coagulation	factors	actively	engage	target	cells,	thereby	
fulfilling	 critical	 functions	 in	 a	 wide	 variety	 of	 (patho)physiological	 phenomena.	 Indeed,	
coagulation	factors	play	important	roles	in	cancer	biology,	inflammatory	processes	and	during	
vascular	or	embryonic	development.	Consequently,	the	primary	objective	of	this	thesis	is	to	
further	understand	the	role	of	blood	coagulation	factors	in	cancer,	inflammation	and	during	
(vascular)	development.	

Chapter 1	provides	a	general	overview	of	blood	coagulation	and	its	potential	role	in	(patho)	
physiology.	 Chapters 2-6	 address	 the	 interplay	 between	 blood	 coagulation	 and	 tumor	 cell	
metastasis.	First,	we	subjected	factor	V	Leiden	and	factor	VIII	deficient	mice	to	a	murine	model	of	
experimental	lung	metastasis	to	test	the	hypothesis	that	congenital	prothrombotic	disorders,	
like	 factor	 V	 Leiden	 (FVL),	 facilitate	 metastasis	 whereas	 bleeding	 disorders	 like	 hemophilia	
impede	metastasis.	As	described	in	chapter 2,	both	hemi-	and	homozygous	factor	VIII	deficient	
mice	were	indeed	protected	against	lung	metastasis	compared	to	wildtype	littermate	controls.	
In	 contrast,	 homozygous	 FVL	 mice	 developed	 more	 metastases	 than	 wildtype	 littermates,	
whereas	heterozygous	carriers	showed	an	intermediate	number	of	pulmonary	foci.	These	data	
indicate	that	congenital	susceptibility	to	either	bleeding	or	thrombosis	modify	the	metastatic	
capacity	 of	 tumor	 cells	 in	 the	 bloodstream	 and	 suggest	 that	 procoagulant	 phenotypes	 are	
a	 risk	 factor	 for	 tumor	 metastasis.	 Next,	 we	 assessed	 the	 risk	 of	 rFVIIa	 for	 promoting	 tumor	
metastasis	as	rFVIIa	is	nowadays	a	well	accepted	treatment	option	for	patients	suffering	from	
serious	bleeding	complications,	such	as	hemophilia,	intracerebral	hemorrhage,	obstetrical	and	
gynaecological	haemorrhage,	and	thrombocytopenia.	In	chapter 3	we	show	that	a	rFVIIa	bolus	
injection	has	no	effect	on	pulmonary	metastasis	of	B16F10	melanoma	cells	in	mice,	whereas	
site-inactivated	rFVIIa	did	reduce	metastasis.	This	suggests	that	FVIIa	is	an	important	mediator	
in	metastasis	but	that	increased	levels	of	FVII	do	not	promote	tumor	metastasis,	indicating	that	
FVIIa	is	not	rate-limiting.	Long-term	follow-up	studies	of	patients	treated	with	rFVIIa	might	give	
more	definitive	answers	in	this	respect.	

It	is	well	known	that	thrombin	inhibitors,	like	hirudin,	inhibit	metastasis	most	efficiently	in	
murine	models.	However,	hirudin	has	a	rather	narrow	therapeutic	window,	compromising	its	
safety	when	translated	to	the	clinical	setting.	Consequently,	novel	direct	thrombin	inhibitors	
are	 being	 developed.	 One	 of	 these	 novel	 thrombin	 inhibitors	 is	 the	 orally	 active	 reversible	
inhibitor,	 ximelagatran.	 In	 chapter 4, we	 aimed	 to	 assess	 the	 anti-metastatic	 activity	 of	
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ximelagatran	 in	 an	 experimental	 murine	 pulmonary	 metastasis	 model.	 To	 this	 end,	 mice	
received	 ximelagatran	 containing	 food	 pellets	 or	 normal	 control	 pellets	 for	 7	 consecutive	
days	before	tumor	cell	injection.	Quite	surprisingly,	ximelagatran	treatment	was	shown	to	be	
detrimental	as	 it	 increased	the	number	of	pulmonary	tumor	foci.	Follow-up	studies	showed	
that	the	effect	was	not	specific	for	ximelagatran	but	that	long-term	anticoagulant	treatment	
with	hirudin	was	also	detrimental	in	contrast	to	short-term	hirudin	treatment.	Antithrombotic	
therapy	 might	 under	 certain	 circumstances	 promote	 tumor	 metastasis	 and	 anticoagulant	
treatment	of	cancer	patients	should	therefore	be	pursued	with	great	care.	

In	 Chapter 5	 we	 set	 out	 experiments	 in	 which	 we	 tested	 the	 general	 applicability	 of	
anticoagulant	 treatment	 as	 treatment	 option	 for	 cancer	 patients.	 Therefore,	 we	 assessed	
whether	LMWH	treatment	was	effective	in	diminishing	liver	metastasis	of	colon	cancer	cells.	
Although	 during	 LMWH	 treatment	 anticoagulant	 activity	 was	 in	 the	 therapeutic	 range,	 no	
difference	in	liver	weight,	number	and	size	of	metastases	were	found	between	LMWH-treated	
mice	 and	 controls.	 Similar	 doses	 of	 LMWH	 are	 known	 to	 protect	 against	 metastasis	 in	 the	
pulmonary	melanoma	model	as	used	in	chapters	2-4,	indicating	that	colon	cancer	metastasis	
is	not	dependent	on	the	activation	of	the	blood	coagulation	cascade	and	therefore	is	likely	not	
susceptible	for	the	anticancer	effects	of	anticoagulants.	Our	next	goal	was	to	understand	the	
underlying	mechanism	which	causes	melanoma	cell	metastasis	tot	the	lung	to	be	coagulation	
dependent	and	colon	cancer	metastasis	to	the	liver	to	be	coagulation	independent.	Therfore,	
we	compared	the	effect	of	hirudin	on	the	B16F10	melanoma	cell	line	with	the	K1735	melanoma	
cell	line	and	the	CT26	colon	carcinoma	cell	line.	Hirudin	only	inhibited	metastasis	of	B16F10	
cells	but	not	that	of	K1735	and	CT26	cells.	This	differential	effect	was	not	explained	by	pro-
coagulant	activity	but	may	be	explained	by	differential	expression	of	the	surface	proteins	PAR-
1	and	CD24.	Future	experiments	should	however	further	clarify	this	intriguing	finding.

Chapters 7-10	focus	on	the	role	of	blood	coagulation	in	inflammation.	Inhibition	of	blood	
coagulation	 appears	 to	 be	 an	 important	 therapeutic	 strategy	 to	 improve	 the	 outcome	 in	
sepsis.	However,	the	beneficial	effect	of	anticoagulant	treatment	in	sepsis	is	solely	based	on	
experimental	data	using	inhibitors	of	the	extrinsic	coagulant	pathway,	whereas	the	role	of	the	
intrinsic	pathway	of	coagulation	in	the	pathogenesis	of	sepsis	has	not	been	explored.	In	chapter 
7,	we	determined	the	role	of	FVIII	on	host	defence	against	bacterial	peritonitis.	The	injection	
of	E.	coli	led	to	growth	and	dissemination	of	bacteria	and	provoked	an	inflammatory	response	
as	evident	from	elevated	cytokine	levels,	increased	cell	influx,	liver	necrosis	and	endothelialitis	
resulting	in	mortality.	The	FVIII	genotype	reduced	bacterial	outgrowth	but	had	no	effect	on	
inflammation	 and	 survival.	 In	 addition,	 FVIII	 deficient	 mice	 showed	 profound	 activation	 of	
coagulation,	 thereby	 improving	 the	 hemophilic	 phenotype.	 Overall,	 FVIII	 deficiency	 slightly	
modifies	host	defence	in	septic	peritonitis	in	mice,	but	does	not	influence	the	final	outcome	of	
peritonitis.	In	the	subsequent	chapter,	chapter 8,	we	determined	the	effects	of	the	FVLeiden	
(FVL)	phenotype	in	peritonitis.	The	rather	high	prevalence	of	the	FVL	mutation	in	the	general	
population	prompted	speculation	about	a	potential	survival	benefit	 for	 individuals	carrying	
the	FVL	allele.	Our	murine	experiments	did	however	not	provide	evidence	for	this	notion	as	the	
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Summary

FV	Leiden	allele	has	no	beneficial	effect	in	mouse	septic	peritonitis.	
In	 the	 traditional	 view	 of	 blood	 coagulation,	 vascular	 injury	 leads	 to	 the	 exposure	 of	

extravascular	membrane	bound	tissue	factor	(TF)	to	the	blood	stream,	thereby	initiating	blood	
clot	formation.	Essential	in	this	model	of	haemostasis	is	that	TF	is	normally	not	in	contact	with	
blood	 as	 it	 resides	 in	 the	 adventitial	 lining	 of	 blood	 vessels.	 However,	 a	 soluble	TF	 variant,	
which	is	derived	by	alternative	splicing	of	the	TF	mRNA,	has	been	described	in	humans.	This	
alternatively	spliced	TF	(asTF)	lacks	the	transmembrane	domain,	possesses	a	unique	3’	peptide	
sequence,	is	present	in	plasma	and	seems	biologically	active	albeit	in	high	concentrations.	The	
existence	of	(active)	asTF	is	raising	controversy	in	the	field	of	haemostasis	because	active	TF	
within	the	bloodstream	would	lead	to	massive	intravascular	thrombosis.	In	chapter	9, we	show	
that	mice	also	express	a	soluble	TF	variant	lacking	exon	5	and	thus	the	transmembrane	region.	
Murine	asTF	 is	expressed	 in	 lung	tissue,	 in	which	 it	 is	 induced	by	 Streptococcus Pneumoniae	
infection.	 Furthermore,	 murine	 asTF	 is	 present	 in	 plasma	 and	 can	 be	 found	 throughout	
arterial	blood	clots	induced	by	FeCl3.	The	fact	that	mice	produce	asTF,	which	is	induced	by	S.	
pneumoniae	and	is	omnipresent	in	blood	clots,	strongly	suggest	an	important	role	for	asTF	in	
(patho)physiology.	Ongoing	studies	should	prove	or	refute	this	notion.

In	 chapter 10	 we	 studied	 the	 effect	 of	 hyperglycemia	 on	 arterial	 thrombosis	 and	 we	
assessed	whether	inflammation	would	enhance	diabetes-induced	thrombotic	effects.	Indeed,	
hyperglycemia	 accelerated	 the	 rate	 of	 thrombus	 formation.	This	 effect	 was	 associated	 with	
increased	thrombin	generation	and	could	not	be	explained	by	changes	in	vessel	wall	TF	activity.	
Surprisingly,	 inflammation	reduced	the	rate	of	thrombus	formation	and	this	reduced	rate	of	
thrombus	formation	was	attenuated	by	hyperglycemia.	From	this	chapter	we	concluded	that	
there	seems	to	be	a	discrete,	but	clear	contribution	of	hyperglycemia	in	experimental	arterial	
thrombosis.

The	final	chapters	of	the	thesis	focus	on	the	role	of	TF	in	development.	Chapter 11	describes	
studies	in	mice	chimaeric	for	tissue	factor	expression.	The	major	arteries	and	veins	(aorta,	vena	
cava	inferior	and	superior)	in	the	chimaeric	mice	contained	approximately	equal	numbers	of	
wildtype	and	TF	knock-out	cells.	Furthermore,	we	did	not	observe	any	difference	in	TF	protein	
expression	 between	 chimaeric	 and	 wildtype	 animals.	 We	 conclude	 that	 TF	 chimaeric	 mice	
are	vital	and	develop	without	vascular	malformations.	Moreover,	the	capacity	to	produce	TF	
on	every	single	cell	is	not	required	for	normal	embryogenesis,	but	TF	seems	essential	for	the	
development	of	a	number	of	specialized	structures	during	embryogenesis.	

The	studies	described	in	chapter	11	did	not	provide	solid	evidence	for	a	role	of	TF	in	vascular	
development.	In	chapter 12,	we	further	address	the	role	of	TF	in	the	formation	of	blood	vessels.	
In	this	chapter,	we	determined	the	capacity	of	wildtype	and	TF	deficient	embryoid	bodies	to	
differentiate	 into	 endothelial	 and	 smooth	 muscle	 cells.	 Embryoid	 bodies	 differentiated	 into	
smooth	muscle	cells	and	endothelial	cells	irrespective	of	the	genotype.	Endothelial	and	smooth	
muscle	cells	derived	from	both	wildtype	and	TF	deficient	embryoid	bodies	were	positioned	
in	 close	 contact	 and	 able	 to	 form	 vessel-like	 structures.	These	 studies	 did	 not	 provide	 any	
evidence	that	the	TF	genotype	is	involved	in	vascular	development.	
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Bloedstolling	 is	 een	 complex	 proces	 gericht	 op	 het	 voorkomen	 van	 bloedverlies	 na	
vaatschade.	 De	 subendotheliale	 matrix	 van	 het	 beschadigde	 vat	 wordt	 in	 korte	 tijd	 bedekt	
met	 een	 plaatjes-	 en	 fibrine-houdend	 stolsel	 dat	 het	 bloeden	 stelpt	 en	 wondgenezing	
bevordert.	 Tegelijk	 vindt	 er	 een	 cascade	 aan	 proteolytische	 reacties	 van	 stollingsfactoren	
plaats	 die	 resulteert	 in	 de	 vorming	 van	 de	 fibrine	 strengen	 die	 de	 plaatjes	 plug	 versterken.	
Tot	 enige	 jaren	 geleden	 werd	 gedacht	 dat	 de	 individuele	 stollingsfactoren	 een	 groep	 van	
relatief	 passieve	 mediatoren	 vertegenwoordigden	 die	 alleen	 verantwoordelijk	 was	 voor	 de	
lineair-georganiseerde	 coagulatie	 cascade.	 Tegenwoordig	 wordt	 echter	 geloofd	 dat	 deze	
stollingsfactoren	actief	cellen	stimuleren	en	kritische	functies	vervullen	in	een	breed	spectrum	
van	(patho)fysiologische	fenomenen.	Stollingsfactoren	blijken	inderdaad	een	belangrijke	rol	
te	spelen	in	kanker	biologie,	ontstekingsprocessen	en	tijdens	embryonale	ontwikkeling.	Het	
doel	van	het	onderzoek	beschreven	 in	dit	proefschrift	 is	meer	begrip	 te	krijgen	over	de	 rol	
die	 bloedstollingsfactoren	 spelen	 in	 het	 uitzaaien	 van	 tumoren,	 ontstekingsprocessen	 en	
gedurende	de	embryonale	ontwikkeling.

Hoofdstuk 1	geeft	een	algemeen	overzicht	van	de	bloedstolling	en	de	mogelijke	rol	die	
de	stollingsfactoren	hebben	in	de	biologie	van	kanker,	gedurende	ontsteking	en	infectie	en	
tijdens	de	embryonale	ontwikkeling.	De	hoofdstukken 2-6	gaan	in	op	het	samenspel	tussen	
bloedstolling	en	metastasering.	Als	eerste	onderwierpen	we	factor	V	Leiden	muizen	en	FVIII	
deficiënte	muizen	aan	een	experimenteel	 long	metastasemodel	om	de	hypothese	te	testen	
dat	congenitale	prothrombotische	aandoeningen,	zoals	factor	V	Leiden	(FVL),	metastasering	
vergemakkelijken	 waar	 een	 bloedingsneiging,	 zoals	 hemofilie,	 metastasering	 belemmert.	
Zoals	beschreven	in	hoofdstuk 2	waren	hemi-	en	homozygote	factor	VIII	deficiënte	muizen	
beschermd	 tegen	 longmetastasen	 vergeleken	 bij	 hun	 wildtype	 broertjes	 en	 zusjes.	 Aan	 de	
andere	 kant	 ontwikkelden	 homozygote	 FVL	 muizen	 meer	 metastasen	 dan	 hun	 wildtype	
broertjes	en	zusjes.	De	heterozygote	dragers	van	de	FVL	mutatie	zaten	wat	de	hoeveelheid	long	
metastasen	betreft	tussen	de	homozygoten	en	de	wildtypen	in.	Deze	data	wijzen	erop	dat	een	
gevoeligheid	voor	thrombose	of	bloeding	de	capaciteit	van	tumorcellen	om	te	metastaseren	
beïnvloedt	en	suggereren	dat	een	procoagulant	fenotype	een	risico	is	voor	het	ontwikkelen	van	
uitzaaiingen.	Vervolgens	onderzochten	we	het	risico	van	een	eenmalige	toediening	van	(het	
stolling	bevorderende)	rFVIIa,	omdat	rFVIIa	tegenwoordig	een	gevestigde	behandelings	optie	
is	voor	mensen	die	lijden	aan	ernstige	bloedingscomplicaties,	zoals	hemofilie,	obstetrische	en	
gynaecologische	bloedingen,	intracerebrale	bloedingen	en	thrombocytopenie.	In	hoofdstuk 
3	 laten	 we	 zien	 dat	 een	 bolus	 injectie	 van	 rFVIIa	 geen	 effect	 heeft	 op	 de	 hoeveelheid	
longmetastasen	van	B16F10	melanoom	cellen	in	muizen,	terwijl	site-inactivated	rFVIIa	wel	de	
hoeveelheid	uitzaaiingen	verminderde.	Dit	suggereert	dat	FVIIa	een	belangrijke	factor	is	bij	het	
ontstaan	van	metastasen,	maar	dat	verhoogde	FVIIa	niveaus	de	capaciteit	 tot	metastaseren	
niet	verhogen.	Dit	suggereert	dat	FVIIa	niet	de	beperkende	factor	is.	Studies	met	lange	follow-
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up	 van	 patiënten	 die	 behandeld	 zijn	 met	 rFVIIa	 zijn	 nodig	 om	 definitieve	 antwoorden	 te	
verkrijgen	wat	betreft	een	eventueel	verhoogde	kans	op	uitzaaiingen.

Het	 is	 wel	 bekend	 dat	 thrombine	 remmers,	 zoals	 hirudine,	 zeer	 efficiënt	 metastasering	
remt	in	muizenmodellen.	Hirudine	heeft	echter	een	vrij	nauwe	therapeutische	breedte,	wat	de	
veiligheid	compromitteert	bij	vertaling	naar	een	klinische	setting.	Derhalve	worden	er	nieuwe	
directe	thrombine	remmers	ontwikkeld.	Een	van	deze	nieuwe	thrombine	remmers	is	de	oraal	
actieve	en	reversibele	remmer,	ximelagatran.	In	hoofdstuk 4 hebben	we	de	anti-metastatische	
activiteit	van	ximelagatran	onderzocht	in	het	muizenmodel	voor	long	metastasen.	De	muizen	
ontvingen	7	dagen	lang	ximelagatran	in	het	voer	voor	de	injectie	van	de	tumorcellen.	Tot	onze	
verbazing	bleek	behandeling	met	ximelagatran	zelfs	nadelig,	daar	het	het	aantal	longmetastasen	
verhoogde.	Verder	onderzoek	liet	zien	dat	dit	effect	niet	specifiek	is	voor	ximelagatran,	maar	
dat	ook	langduriger	anti-stollingsbehandeling	met	hirudine	hetzelfde	effect	had.	Anti-stollings	
therapie	kan	dus	onder	sommige	omstandigheden	het	aantal	uitzaaiingen	verhogen.	Daaruit	
volgt	dat	een	behandeling	van	kanker	patienten	met	antistollingsmiddelen	met	het	doel	het	
aantal	metastasen	te	verminderen,	vooralsnog	met	voorzichtigheid	moet	worden	bekeken.

In	hoofdstuk 5	hebben	we	bekeken	of	antistollingstherapie	ook	voor	andere	vormen	van	
kanker	toepasbaar	is	dan	het	maligne	melanoom.	Muizen	werden	behandeld	met	low	molecular	
weight	 heparins	 (LMWHs)	 en	 er	 werd	 gekeken	 naar	 uitzaaiingen	 in	 de	 lever	 na	 inspuiten	
van	 colon	 kanker	 cellijnen.	 Hoewel	 gedurende	 de	 LMWH-behandeling	 de	 anticoagulante	
activiteit	binnen	de	therapeutische	range	was,	werd	geen	verschil	gevonden	in	het	gewicht	
van	de	lever,	het	aantal	en	de	grootte	van	de	metastasen	tussen	de	met	LMWHs	behandelde	
muizen	 en	 onbehandelde	 muizen.	 Van	 de	 gegeven	 dosis	 LMWHs	 is	 bekend	 dat	 het	 tegen	
uitzaaiingen	beschermt	 in	het	 long-melanoma	model,	zoals	gebruikt	 in	de	hoofdstukken	2-
4.	Dit	wijst	erop	dat	uitzaaiingen	van	colon	kanker	niet	afhankelijk	zijn	van	de	activering	van	
de	bloedstollingscascade	en	daarom	ook	niet	gevoelig	voor	het	anti-metastatische	effect	van	
anticoagulantia.	 Om	 de	 oorzaak	 van	 afhankelijkheid	 van	 de	 stolling	 van	 melanomen	 en	 de	
onafhankelijkheid	van	de	stolling	van	colon	kanker	cellen	op	te	helderen,	hebben	we	het	effect	
van	 hirudine	 op	 B16F10	 melanoom	 cellen	 vergeleken	 met	 het	 effect	 op	 K1735	 melanoom	
cellen	en	CT26	colon	carcinoma	cellen.	Hirudine	remde	alleen	de	metastasering	van	de	B16F10	
cellen	maar	niet	die	van	de	K1735	en	de	CT26	cellen,	Dit	effect	kon	niet	verklaard	worden	uit	
pro-coagulante	activiteit,	maar	kan	wellicht	verklaard	worden	uit	de	verschillende	expressie	
niveaus	van	oppervlakte	eiwitten	als	PAR-1	en	CD24.	Toekomstige	experimenten	zullen	deze	
intrigerende	bevindingen	verder	moeten	verhelderen.

In	 de	 hoofdstukken 7-10	 ligt	 de	 nadruk	 op	 de	 rol	 van	 de	 bloedstolling	 in	 ontsteking.	
Remming	 van	 de	 stolling	 blijkt	 een	 belangrijke	 therapeutische	 strategie	 om	 de	 overleving	
van	 sepsis	 patiënten	 te	 verbeteren.	 Het	 voordelige	 effect	 van	 de	 antistollingsbehandeling	
is	 geheel	 gebaseerd	 op	 data	 uit	 experimenten	 waarin	 remmers	 van	 de	 extrinsieke	 stollings	
pathway	werden	gebruikt.	Naar	de	rol	van	de	intrinsieke	stollings	pathway	is	nooit	gekeken.	
Daarom	onderzoeken	we	in	hoofdstuk 7	de	rol	van	FVIII	in	de	verdediging	van	de	gastheer	
tegen	 bacteriële	 buikvliesontsteking.	 De	 injectie	 van	 E. coli	 leidde	 tot	 groei	 en	 verspreiding	
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van	de	bacteriën	en	lokt	een	ontstekingsreactie	uit	die	bleek	uit	verhoogde	cytokine	niveaus,	
verhoogde	 cel	 influx,	 lever	 necrose	 en	 endothelialitis,	 resulterend	 in	 de	 dood.	 Het	 FVIII	
deficiënte	 fenotype	 liet	 een	 vermindering	 van	 de	 bacteriële	 uitgroei	 zien,	 maar	 had	 geen	
effect	op	de	ontstekingsreactie	en	de	overleving.	Verder	lieten	de	FVIII	deficiënte	muizen	flinke	
stollingsactivatie	zien,	wat	het	hemofiele	fenotype	verbeterde.	Over	het	algemeen	genomen	
beïnvloedt	FVIII	deficiëntie	de	afweer	van	de	gastheer	tegen	peritonitis	 licht,	maar	heeft	dit	
uiteindelijk	geen	effect	op	de	overleving.	In	het	volgende	hoofdstuk,	hoofdstuk 8,	onderzoeken	
we	 de	 effecten	 van	 het	 FVL	 fenotype	 in	 peritonitis.	 Door	 onverwacht	 hoge	 prevalentie	 van	
het	FVL	allel	in	de	populatie	ontstond	speculatie	over	een	mogelijk	overlevingsvoordeel	voor	
individuen	 die	 het	 FVL	 allel	 dragen.	 Onze	 experimenten	 leveren	 echter	 geen	 bewijs	 voor	
deze	hypothese,	omdat	de	aanwezigheid	van	het	FVL	allel	geen	voordelig	effect	geeft	tijdens	
septische	peritonitis	bij	muizen.

In	de	traditionele	kijk	op	bloedstolling	leidt	vaatschade	tot	blootstelling	van	tissue	factor	
(TF),	een	extravasculair	membraan	eiwit,	aan	de	bloedstroom,	waardoor	de	bloedstolling	 in	
gang	gezet	wordt.	Essentieel	 in	dit	haemostase	model	is	dat	TF	normaliter	niet	in	contact	is	
met	bloed,	omdat	het	zich	bevindt	in	de	adventitia	van	bloedvaten.	Er	wordt	echter	in	mensen	
een	oplosbare	TF-variant	beschreven,	ontstaan	uit	alternatieve	splicing	van	het	TF	mRNA.	Dit	
alternatief	gesplicede	TF	(asTF)	mist	het	transmembraan	domein,	heeft	een	unieke	3’	peptide	
sequentie,	is	aanwezig	in	plasma	en	lijkt	biologisch	actief,	hoewel	wel	in	hoge	concentraties.	
Het	bestaan	van	(actief )	asTF	veroorzaakt	enige	controverse	in	het	veld	van	de	haemostase,	
omdat	actief	TF	in	de	bloedstroom	zou	leiden	tot	intravasculaire	thrombose.	In	hoofdstuk 9	
laten	we	zien	dat	muizen	ook	een	oplosbare	vorm	van	TF	tot	expressie	brengen	die	ook	exon	
5	mist	en	dus	het	 transmembraan	domein.	Muizen	asTF	wordt	 tot	expressie	gebracht	 in	de	
long	en	daar	wordt	het	ook	geïnduceerd	door	een	Streptococcus pneumoniae	infectie.	Verder	is	
muizen	asTF	aanwezig	in	plasma	en	wordt	het	gevonden	in	arteriële	stolsels,	geïnduceerd	door	
FeCl3.	Het	feit	dat	muizen	asTF	maken,	dat	geïnduceerd	kan	worden	door	een	S. pneumoniae	
infectie	 en	 aanwezig	 is	 in	 stolsels	 suggereert	 een	 belangrijke	 rol	 voor	 asTF	 in	 de	 (patho-)	
fysiologie.	Toekomstige	studies	zullen	dit	moeten	bevestigen	of	weerleggen.	

In	hoofdstuk 10	bestuderen	we	het	effect	van	hyperglycaemie	op	arteriële	thrombose	en	
gingen	we	na	of	ontsteking	de	door	diabetes	geïnduceerde	thrombotische	effecten	verergert.	
Inderdaad	versnelde	hyperglycaemie	de	thrombus	vorming.	Dit	effect	was	geassocieerd	met	
verhoogde	thrombine	generatie	en	kon	niet	worden	verklaard	door	veranderingen	in	de	TF	
activiteit	in	de	vaatwand.	Ontsteking	verminderde	de	snelheid	van	thrombus	vorming	en	deze	
vermindering	 kon	 weer	 teniet	 worden	 gedaan	 door	 de	 aanwezigheid	 van	 hyperglycaemie.	
Uit	 dit	 hoofdstuk	 blijkt	 dat	 er	 een	 discrete,	 duidelijke	 bijdrage	 is	 van	 hyperglycaemie	 aan	
experimentele	arteriële	thrombose.

De	laatste	hoofdstukken	van	dit	proefschrift	gaan	over	de	rol	van	TF	in	de	ontwikkeling.	
Hoofdstuk 11	beschrijft	de	expressie	van	TF	in	chimaere	muizen.	De	grote	arteriën	en	venen	
(aorta,	 vena	 cava	 inferior	 en	 superior)	 bevatten	 ongeveer	 gelijke	 hoeveelheden	 wildtype	
en	TF	 knock-out	 cellen.	We	 zagen	 ook	 geen	 verschil	 in	TF	 eiwit	 expressie	 tussen	 chimaere	
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en	 wildtype	 muizen.	 We	 concluderen	 dat	 TF	 chimaere	 muizen	 levensvatbaar	 zijn	 en	 zich	
normaal	ontwikkelen	zonder	vasculaire	malformaties.	Het	blijkt	niet	nodig	voor	een	normale	
ontwikkeling	 dat	 elke	 cel	 in	 het	 organisme	 in	 staat	 is	 tot	 de	 expressie	 van	 TF.	 TF	 lijkt	 wel	
essentieel	 in	de	ontwikkeling	van	bepaalde	structuren,	omdat	er	geen	verschil	werd	gezien	
in	TF	expressie	tussen	chimaere	en	wildtype	muizen	waar	we	dat	zonder	selectie	wel	zouden	
verwachten.	Het	onderzoek	beschreven	in	hoofdstuk	11	voorzag	niet	 in	bewijs	voor	een	rol	
van	TF	in	de	vasculaire	ontwikkeling.	In	hoofdstuk 12	gaan	we	verder	in	op	deze	vraag.	In	dit	
hoofdstuk	onderzoeken	we	de	capaciteit	van	wildtype	en	TF	deficiënte	embryoid	bodies	om	
te	differentiëren	naar	endotheel	en	gladde	spiercellen.	De	embryoid	bodies	differentieerden	
in	 gladde	 spiercellen	 en	 endotheel	 onafhankelijk	 van	 het	 genotype.	 Endotheel	 en	 gladde	
spiercellen	ontstaan	uit	wildtype	en	TF	deficiënte	embryoid	bodies	stonden	 in	contact	met	
elkaar	en	vormden	vaatstructuren.	Deze	studies	voorzagen	niet	in	bewijs	dat	TF	betrokken	is	
bij	vaatvorming.
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Dankwoord

Dankwoord

Een	dankwoord	is	gevaarlijk.	Iemand	vergeten	is	vreselijk,	waarvoor	op	deze	plaats	al	mijn	
oprechte	excuses.	Maar	alleen	“bedankt	iedereen”	wil	ik	ook	niet	schrijven	en	daar	dit	toch	een	
van	de	meest	gelezen	onderdelen	van	een	proefschrift	is,	zal	ik	een	poging	wagen.

VIP’s	first:	Pieter	Reitsma,	mijn	promotor,	dank	voor	de	mogelijkheid	die	je	me	bood	om	aan	
dit	proefschrift	te	werken.	En	Arnold:	dankjewel	voor	je	vertrouwen	dat	het	allemaal	wel	los	
zou	lopen.	Het	(leven	+	proefschrift)	was	allemaal	niet	even	lollig,	maar	op	je	karakteristieke	
rustige	manier	heb	je	veel	voor	me	betekend.	Henri,	co-promotor,	dank	voor	je	enthousiasme	
voor	onderzoek	doen	binnen	en	buiten	het	lab.	Alle	leden	van	de	commissie	bedankt	voor	het	
doorworstelen	van	mijn	proefschrift.
Prof.	dr.	Caro	Koning	wil	ik	graag	bedanken	voor	de	gelegenheid	mijn	proefschrift	af	te	ronden	
tijdens	 de	 opleiding	 tot	 radiotherapeut-oncoloog.	 Alle	 co-auteurs	 die	 bij	 de	 afzonderlijke	
hoofdstukken	genoemd	worden:	hartelijk	dank	voor	alle	noeste	arbeid.

Dan	ga	ik	verder	met	het	bedanken	van	de	niet	minder	belangrijke	personen.	De	kamergenoten	
op	de	gekraakte	kamer	in	de	kelder	van	het	AMC	in	het	begin	van	mijn	promotie-periode:	Nico,	
Jan,	Martijn,	Michiel	en	later	Marieke.	Leuk	om	daar	borrels	te	houden	en	op	bureau-jacht	te	
gaan	door	de	96	km	lange	AMC-krochten!	Met	zijn	allen	zijn	we	verhuisd	naar	de	grote	kamer	
aan	het	plein	met	de	15	AIO-plaatsen:	Masja,	Dirkje,	Ilona,	Maarten,	Keren,	Jacobien,	Rianne,	
Joost,	Mark,	Lludmilla	en	Marcel.	Een	leuke	kamer	om	Sinterklaas	in	te	vieren	en	poster-slagbal	
te	doen.	“Mijn”	studenten:	Martijn	(waar	ben	je	gebleven?),	Rogier,	Stephanie,	Marius	en	toch	
ook	een	klein	beetje	Roberto	–	ook	allemaal	hartelijk	bedankt	voor	jullie	inzet	en	het	vermogen	
om	te	gaan	met	weer	meer	migratie-assays	en	andere	proeven	waar	toch	ook	vaak	weer	niet	
de	gewenste	resultaten	uitkwamen.	Natuurlijk	de	stollings-analisten	Angelique	en	Hella:	een	
wat	stormachtig	begin,	maar	ik	acht	jullie	enorm	hoog.

Ook	 mijn	 tweede	 verblijf	 in	 de	 kelder	 (eind	 2007	 tot	 begin	 2008)	 was	 heel	 fijn	 samen	 met	
Tatjana,	 Femke,	 Sigrid,	 Suzanne	 en	 Cathy.	 Alle	 andere	 AIO’s,	 analisten	 en	 post-docs	 in	 de	
andere	groepen	en	de	oudgedienden	van	binnen	en	buiten	de	stolgroep:	Sjoukje,	Hjalmar,	
Andrea,	Saskia,	Jeroen,	Willeke,	Henri	V,	Bas,	Sylvia	K,	Cathrien,	Koen,	Roos,	Goda,	David,	Jaklien,	
Marjolein,	Mark	D,	Marc,	Kees,	Alex,	Tom	v.d.	P,	Maikel,	Sander,	Carina,	Jantine,	Sylvia	B,	Inge	H,	
Tom	’O	T,	Francesca,	Jurriaan,	Klaartje,	Agnieszka,	Zuzanna,	Carmen,	Gijs,	Bernt,	James,	Wouter,	
Rene,	Olle,	Olaf,	Anje,	Henri	B,	Jan,	Mark	L:	dank	voor	de	leuke	tijd!
Het	maken	van	de	chimaere	muizen	was	ten	enen	male	onmogelijk	geweest	zonder	Marian	
van	Roon	en	haar	toenmalige	crew:	Andre	en	Esther:	heel	erg	bedankt	voor	het	geduld	en	de	
hulp.	Het	“ondersteunend”	personeel,	zonder	wie	het	niks	was	geworden	met	mijn	computer,	
de	experimenten	in	het	ARIA,	met	de	bestellingen,	het	verzorgen	van	de	muizen	en	wat	dies	
meer	zij:	Joost,	Ingvild,	Marieke,	Monique,	Paulien,	Heleen,	Suzanne,	Piet,	Erik	en	Hubert.	Ook	
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de	nieuwe	collega’s	van	de	afdeling	radiotherapie	wil	ik	niet	onvermeld	laten:	bedankt	voor	de	
zes	maanden	onderzoeksvrijheid	en	het	begrip	voor	de	drukte	in	de	afgelopen	periode.

Mijn	 lieve	 vrienden	 buiten	 het	 lab	 wil	 ik	 graag	 bedanken.	 De	 medisch	 bioloogjes,	 bijna	
gezinsvervanging:	Nico,	Peggy,	Yolanda,	Wieger,	Gaston,	Marjolein,	Annemarie	en	Hans.	Wat	
fijn	dat	we	(na	jaren	oefenen)	zo	ontzettend	goed	kunnen	koken	allemaal!	De	meiden	van	de	
middelbare	school:	Katrien,	Birgit,	Tineke	en	Marjan	–	wat	fijn	dat	jullie	er	nog	steeds	zijn!	En	
Katrien,	bedankt	dat	je	mijn	paranimf	wilde	zijn.	De	vrienden	die	ik	tijdens	colleges	medische	
biologie,	 geneeskunde	 en	 daarbuiten	 heb	 opgeduikeld:	 Jessica,	 Donna,	 Natasja,	 Peggy,	
Jochem,	 Dagmara	 en	 Richard.	 Marjanne,	 grote	 steun	 tijdens	 alle	 zware	 perioden,	 hartelijk	
bedankt	voor	alle	gesprekken	en	e-mails	over	en	weer.

De	 families	 Kruijff	 en	 Brüggemann,	 lieve	 ooms,	 tantes,	 neven	 en	 nichten,	 wil	 ik	 ook	 graag	
bedanken	voor	de	steunende	aanwezigheid	op	de	achtergrond.	Mijn	allerliefste	zussen:	Tirza	
en	Tamar,	en	met	jullie	Mirthe,	Mariëtte	en	Bas,	wat	houd	ik	toch	veel	van	jullie	en	wat	ben	ik	
blij	dat	jullie	er	zijn!	En	Tamar,	jij	ook	bedankt	dat	je	mijn	paranimf	wilde	zijn.	Onze	vader	en	
moeder	maken	dit	niet	meer	mee,	maar	hebben	een	onuitwisbare	indruk	gemaakt.	Als	pappa	
me	niet	“hoog	in	de	boom	had	gegooid”	en	ik	daardoor	niet	de	mogelijkheid	had	gehad	“met	
een	aapachtige	beweging	aan	de	hoogst	mogelijk	 tak	te	blijven	hangen”,	had	 ik	überhaupt	
nooit	 aan	 dit	 boekje	 kunnen	 beginnen.	 En	 mijn	 lieve,	 wijze	 mamma,	 die	 soms	 met	 flinke	
tegenzin	naast	haar	colleges	en	gezin	toch	ook	haar	prachtige	proefschrift	(“Bij	de	gratie	van	
de	transcendentie.	In	gesprek	met	Levinas	over	het	vrouwelijke”)	heeft	geschreven,	heeft	me	
ook	wat	dit	betreft	een	voortreffelijk	voorbeeld	gegeven.
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Curriculum vitae

Curriculum vitae

Lois	 Willemine	 Brüggemann	 werd	 geboren	 op	 10	 juli	 1972	 in	 Hoogblokland.	 Het	
gymnasiumdiploma	behaalde	zij	in	1990	aan	het	Gymnasium	Camphuysianum	in	Gorinchem.	
In	 datzelfde	 jaar	 begon	 zij	 haar	 studie	 medische	 biologie	 aangeboden	 door	 de	 faculteiten	
Geneeskunde,	 Diergeneeskunde,	 Farmacie	 en	 Biologie	 van	 de	 Universiteit	 Utrecht.	 Haar	
hoofdvakstage	 liep	 zij	 bij	 de	 vakgroep	Virologie	 van	 de	 faculteit	 Diergeneeskunde	 en	 deze	
behelsde	 onderzoek	 naar	 de	 posttranslationele	 modificaties	 van	 de	 Equine	 Arteritis	 Virus	
envelop	eiwitten.	Dit	gebeurde	onder	supervisie	van	dr.	Twan	de	Vries,	prof.	dr.	Peter	Rottier	
en	prof.	dr.	Marian	Horzinek.	Als	bijvakstage	deed	zij,	onder	supervisie	van	prof.	dr.	Alexander	
van	Huffelen	en	dr.	ir.	George	Wieneke,	onderzoek	naar	de	bron-localisatie	in	mesiotemporale	
lob	epilepsie	bij	de	vakgroep	klinische	neurofysiologie	van	het	“Rudolf	Magnus	Institute	for	the	
neurosciences”.		Tijdens	het	laatste	jaar	van	de	studie	medische	biologie	begon	zij	in	1995	aan	de	
studie	Geneeskunde	aan	de	Universiteit	van	Utrecht.	Na	het	behalen	van	het	doctoraalexamen	
medische	biologie	en	het	artsexamen	begon	zij	als	 research	fellow	en	vervolgens	als	 junior	
onderzoeker	 respectievelijk	 bij	 de	 naast	 elkaar	 gelegen	 vakgroepen	 Metabole	 Ziekten	 en	
Medische	 Genetica	 in	 het	 Wilhelmina	 Kinderziekenhuis.	 Na	 een	 jaar	 bleek	 de	 liefde	 voor	
onderzoek	groot	genoeg	om	in	2001	als	arts-onderzoeker	te	starten	met	het	promotietraject	
bij	de	vakgroep	Experimentele	 Inwendige	Geneeskunde	aan	het	AMC	te	Amsterdam	onder	
de	 bezielende	 leiding	 van	 dr.	 Arnold	 Spek	 en	 prof.	 dr.	 Pieter	 Reitsma.	 Hier	 vervulde	 zij	 ook	
de	rol	van	 locaal	stralingsdeskundige.	Dit	proefschrift	 is	het	resultaat	van	het	daar	verrichte	
onderzoek.	Na	het	verliezen	van	haar	beide	ouders	in	korte	tijd	besloot	zij	oncoloog	te	worden	
en	is	zij	sinds	maart	2006	in	het	AMC	bij	prof.	dr.	Caro	Koning	in	opleiding	tot	radiotherapeut-
oncoloog.
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Chapter 5, figure 1:	 Serial	 cryostat	 sections	 of	 colon	 cancer	 metastases	 in	 livers	 of	 mice	 treated	 with	 LMWH	
released	by	a	mini-osmotic	pump	at	a	rate	of	2.4	IU	anti-Xa/h.	a-c,	Tumor	poor	in	vessels;	d-f,	tumor	rich	in	vessels	
as	demonstrated	by	staining	of	endothelial	alkaline	phosphatase	activity	(a,	d),	immunohistochemical	detection	
of	the	endothelial	marker	endoglin	(b,	e),	and	immunohistochemical	localization	of	fibrinogen/fibrin	(c,	f ).	Bars	
=	100	µm.
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Chapter 6, figure 1:	Noninvasive	bioluminescence	imaging	of	an	individual	mouse	at	days	1,	7,	15	and	21	after	
intravenous	administration	of	B16	melanoma	cells.	The	BLI	signal	as	a	measure	of	cancer	cell	load	in	the	region	
of	interest	(ROI)	increased	from	below	the	detection	limit	(ND)	at	day	1	to	0.23.105,	2.6.105	and	110.105	photons/s	
at	days	7,	15	and	21,	respectively.

Chapter 6, figure 2: Bioluminescence	as	visualized	noninvasively	in	an	individual	mouse	at	days	7	and	21	after	
intravenous	 administration	 of	 luciferase-expressing	 B16	 melanoma	 cells	 into	 the	 tail	 vein.	The	 mouse	 shows	
bioluminescence	in	the	tail	indicating	the	presence	of	cells	at	the	site	of	cancer	cell	inoculation.	The	region	of	in-
terest	(ROI)	for	bioluminescence	measurements	is	given	in	red,	showing	a	cancer	cell	load	of	3.7.105	and	120.105	
photons/s,	at	days	7	and	21	respectively.	
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Chapter 9, figure 5:	Murine	carotid	artery	clots	stained	for	alternatively	spliced	tissue	factor.	The	picture	on	the	
left	shows	staining	with	pre-immune	serum	as	negative	control.	In	the	right	panel,	asTF	staining	using	an	anti-
body	raised	against	asTF	specific	peptide1	is	depicted.	Indicated	by	arrows	is	the	presence	of	asTF	throughout	
the	clot.
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Chapter 11, figure 1: Immuno-
histochemical	 TF	 staining	 of	 brain	
sections	 from	 chimaeric	 mice	 (pa-
nels	A	and	B)	and	wildtype	controls	
(panels	C	and	D).	Shown	is	a	TF	po-
sitive	blood	vessel	in	the	cortex.	All	
cells	 of	 the	 vessel	 are	 TF	 positive,	
whereas	 all	 other	 cells	 present	 in	
the	cortex	do	not	express	TF	consti-
tutively.	Panels	A	and	C:	40x	mag-
nification;	 panels	 B	 and	 D:	 100x	
magnification.

Chapter 11, figure 2: Immunohis-
tochemical	 TF	 staining	 of	 kidney	
sections	 from	 chimaeric	 mice	 (A	
and	B)	and	wildtype	controls	(C	and	
D).	 The	 collecting	 tubules	 in	 the	
kidney	all	constitutively	express	TF,	
whereas	 other	 cells	 of	 the	 kidney	
marrow	 are	 TF	 negative.	 Panels	 A	
and	C:	40x	magnification;	panels	B	
and	D:	100x	magnification

Chapter 11, figure 3: Immunohisto-
chemical	TF	staining	of	eye	sections	
from	 chimaeric	 mice	 (A	 and	 B)	 and	
wildtype	controls	 (C	and	D).	Shown	
is	a	cross	section	of	the	eye	of	which	
only	the	outer	plexiform	layer	of	the	
retina	stains	positive	for	TF.	All	other	
layers	like	for	instance	the	ganglion	
cell	 layer,	 the	 inner	 plexiform	 layer	
and	 the	 inner	 nuclear	 layer	 do	 not	
constitutively	 express	 TF.	 Panels	 A	
and	 C:	 40x	 magnification;	 panels	 B	
and	D:	100x	magnification.
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Chapter 12, figure 1: Immunofluorescence	of	wildtype	and	TF	deficient	embroid	bodies.	The	left	panel	is	stained	
for	the	endothelial	marker	CD31.	The	right	panel	is	stained	for	smooth	muscle	actin,	a	smooth	muscle	marker.	
Genotypes	as	indicated	on	the	left.	Magnification:	63x.	Please	note	that	the	overall	appearance	of	the	cells	and	
the	distribution	of	CD31	and	smooth	muscle	actin	are	the	same	for	all	genotypes
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Chapter 12, figure 2: Immunofluorescence	staining	of	the	sprouting	of	a	TF	-/-	embroid	body	using	a	smooth	
muscle	actin	marker	together	with	a	lectin	marker.	The	lower	insert	shows	a	lectin	marked	endothelial	vessel-like	
structure	(green)	surrounded	by	smooth	muscle	cells	(red).		The	upper	insert	shows	a	3D	representation	of	the	
blood	vessel-like	structure.	The	main	figure	is	a	red	and	green	reconstruction	of	the	vessel-like	structure	to	be	
viewed	with	red/green	spectacles	for	a	3D	impression.







Stellingen behorend bij het proefschrift

The role of blood coagulation in cancer, inflammation 
and embryonic development

1)	 		Goed	 functionerende	 systemen,	 zoals	 de	 bloedstolling,	 kunnen	 misbruikt	 worden	 door	
kankercellen	om	ongehinderd	de	bloedstroom	te	passeren (H2-6, dit proefschrift).

2)	 		Onderdrukking	 van	 de	 bloedstolling,	 hetzij	 door	 medicatie	 hetzij	 door	 een	 genetische	
verandering	heeft	een	remmende	werking	op	het	zeer	agressief	metastaserende	gedrag	
van	melanoom	cellen (H2-4, dit proefschrift).

3)	 		De	timing	en	duur	van	de	anti-stollingsbehandeling	met	als	doel	het	uitzaaien	van	maligne	
melanoom	cellen	te	voorkomen	is	erg	belangrijk	om	het	beoogde	effect	(minder	in	plaats	
van	meer	uitzaaiingen)	te	bereiken (H4, dit proefschrift).

4)	 		In	tegenstelling	tot	de	gevonden	verschillen	tussen	muizen	met	een	pro-	of	anticoagulante	
status	 met	 betrekking	 tot	 het	 aantal	 uitzaaiingen,	 dat	 zij	 ontwikkelen,	 worden	 er	
nauwelijks	verschillen	gevonden	in	hun	reactie	op	een	intraperitoneale	infectie (H7 en 8, 
dit proefschrift).

5)	 		Muizen	bezitten	net	als	mensen	de	capaciteit	Tissue	Factor	alternatief	te	‘splicen’;	of	zij	en	
wij	hier	ook	echt	iets	aan	hebben	weten	we	nog	niet (H9, dit proefschrift).

6)			 	Cellen	die	de	capaciteit	(het	gen)	hebben	om	Tissue	Factor	te	maken	hebben	de	voorkeur	
boven	cellen	die	dat	niet	hebben	bij	het	vormen	van	bepaalde	structuren	en	weefsels	van	
het	lichaam	(H11, dit proefschrift).

7)	 	In	theory	there	is	no	difference	between	practice	and	theory,	in	practice	there	is.

8)			 	Any	fool	can	make	things	bigger,	more	complex,	and	more	violent.	It	takes	a	touch	of	genius	
-and	a	lot	of	courage-	to	move	in	the	opposite	direction.	

  - Albert Einstein


