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1	Background	

1.1	Introduction	

An	effective	defence	system	is	a	key	requisite	for	survival	and	is	present	in	all	creatures,	

from	 the	 basic	 unicellular	 organism	 to	 the	 complex	multicellular	 human	 organism.	

Traditionally,	 the	human	immune	system	is	divided	into	two	separate	branches,	 the	

ancestral	 and	 “basic”	 innate	 immune	 system	and	 the	 “more	 sophisticated”	 adaptive	

immune	 system.	 However,	 these	 systems	 have	 not	 developed	 independent	 of	 each	

other	 (1).	 Increasing	knowledge	of	 the	 intricate,	multifaceted	and	highly	 redundant	

inflammatory	response	shows	that	there	is	a	marked	crosstalk	and	mutual	dependence	

between	the	two	systems.	Thus,	there	is	no	clear	cut	division	between	the	innate	and	

the	adaptive	immunity.	Even	the	memory	aspect	which	previously	was	a	key	feature	of	

the	adaptive	immune	system,	is	now	shown	to	apply	also	for	the	innate	immune	system	

(2).	 The	 essential	 role	 of	 the	 immune	 system	 is	 to	 protect	 against	 situations	 that	

threaten	the	host.	A	microbial	attack	is	an	obvious	threat,	however	tissue	damage	of	

sterile	origin,	dysfunctional	cells	and	debris	must	also	be	cleared	and	resolved.	The	

ultimate	 purpose	 of	 the	 immune	 system	 is	 to	 resolve	 pending	 or	 ongoing	 threats,	

independent	of	their	nature,	and	to	re‐establish	homeostasis.		

As	we	understand	more	of	how	the	 immune	system	 functions	 in	health,	and	 just	as	

important	what	goes	wrong	when	the	inflammatory	response	results	in	tissue	damage	

and	disease,	the	potential	to	treat	and	cure	inflammatory	diseases	increases.	Research	

on	the	 immune	system	has	resulted	 in	the	development	of	drugs	targeting	different	

mediators	and	immune	pathways,	which	already	alleviate	symptoms	in	a	broad	range	

of	 inflammatory	 diseases.	 Recently,	 also	 the	 complement	 system	was	 included	 as	 a	

drug	target	when	the	complement	inhibitor	eculizumab	reached	the	clinic.	

	

1.2	Innate	immunity	

The	traditional	view	of	 the	 innate	 immune	system	was	an	always	present,	germline	

encoded	sensing	and	acting	first	line	protection	against	microbial	infection.		In	1994,	

Matzinger	proposed	the	“danger	theory”,	stating	that	pending	danger	to	the	host	is	met	
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with	a	response	that	does	not	differentiate	between	exogenous	and	endogenous	origin	

(3).	Indeed,	the	innate	immune	system	reacts	with	a	germline	encoded	set	of	pattern	

recognition	 molecules,	 also	 termed	 pattern	 recognition	 receptors,	 that	 recognize	

patterns	of	pending	danger	(4),	and	it	is	evident	that	damaged	self	can	activate	innate	

immune	 pathways	 similar	 to	 that	 of	 pathogens	 (5).	 These	 danger	 patterns	 are	

evolutionary	highly	 conserved	molecules	which	 in	 the	 case	 of	 bacteria,	 viruses	 and	

other	 infectious,	 exogenous	 intruders	 are	 termed	 pathogen	 associated	 molecular	

patterns	 (PAMPs)	 while	 endogenous	 molecules	 originated	 from	 damaged	 self	 are	

termed	damage	associated	molecular	patterns	(DAMPs).	

The	 innate	 immune	 system	 is	 built	 up	 of	 soluble	 and	membrane	 bound	 receptors,	

intercellular	signalling	molecules,	intracellular	signalling	pathways,	and	immune	cells	

ready	to	respond	to	an	activating	stimulus.		The	pattern	recognition	molecules	include	

a	wide	variety	of	molecules,	including	complement	system	proteins,	toll‐like	receptors	

(TLR)	and	NOD‐like	receptors.	The	sensing	and	binding	of	PAMPs	or	DAMPs	can	be	

regarded	 as	 the	 upstream	 initiation	 of	 inflammation	 which	 induces	 activation	 of	

extracellular	 cascade	 systems	 and	 intracellular	 signalling	 pathways	 that	 lead	 to	

downstream	 effects	 including	 cytokine	 production,	 chemotactic	 attraction	 and	

activation	of	immune	cells	and	phagocytic	cells	for	clearance	and	ultimately	restoration	

of	 homeostasis	 (6).	 Importantly,	 the	 variety	 of	 these	 effector	 systems	 of	 the	 innate	

immune	system	work	together	in	concert	to	resolve	the	triggering	event.	

	

1.3	The	complement	system	

The	complement	system	consists	of	a	still	growing	list	of	more	than	60	components,	

including	 complement	 recognition	 molecules,	 proteases,	 enzyme	 complexes	 and	

biologically	active	split	products	as	well	as	soluble	and	membrane	bound	receptors	and	

regulators.		The	major	source	of	complement	proteins	found	in	plasma	is	the	liver,	with	

the	exception	of	C1q,	properdin	and	C7	which	are	predominantly	synthetized	in	bone	

marrow	 derived	 cells	 and	 factor	 D	 synthetized	 in	 adipocytes	 (7‐10).	 However,	

extrahepatic	complement	protein	synthesis	is	evident	in	several	cell	types	and	organs	

including	immune	cells,	endothelial	cells,	epithelial	cells,	neurons	and	fibroblasts	(11).	

This	enables	the	system	to	act	locally,	and	even	intracellularly,	in	addition	to	the	main	
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systemic	blood	born	localisation	(12).	Although	several	components	are	soluble	and	

appear	 in	 fluid	 phase,	 the	 activation	 of	 complement	 takes	 place	 on	 surfaces.	 These	

surfaces	include	bacteria,	crystal	structures,	micro	particles,	foreign	surfaces,	medical	

catheters	or	implanted	devices	and	unprotected	host	cells.		

	

Figure	1:	The	complement	system		

The	 complement	 system	 functions	 as	 a	 cascade	 system	 activated	 by	 recognition	 of	

pathogens	 or	 damage	 motifs	 by	 the	 pattern	 recognition	 molecules	 of	 the	 three	

initiating	pathways:	the	classical,	lectin	and	alternative	pathway.	Initial	activation	leads	

to	enzymatic	cleavage	of	complement	factors	and	amplification	of	central	and	terminal	

components,	 though	 tightly	 regulated	 by	 the	 regulators	 of	 complement	 activation.	

Important	effector	functions	of	the	complement	system	are	opsonisation	of	pathogens,	

dead	cells	and	debris	for	phagocytosis,	recruitment	and	activation	of	immune	cells	and	

even	direct	 lysis	 of	 certain	pathogens,	 however	 several	 other	 effector	 functions	 are	

now	evident	which	I	will	elaborate	in	the	following	sections.	
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1.3.1	Initiating	pathways		

The	pattern	recognition	molecule	of	the	classical	pathway	is	C1q.	When	IgM	and	IgG	

bind	to	antigens,	conformational	changes	to	the	antibodies	are	induced,	enabling	C1q‐

binding	(13).	C1q	binds	efficiently	to	single	IgM	molecules,	but	requires	hexamers	of	

IgG	molecules	 for	similar	efficient	binding	(13).	Although	the	classical	pathway	was	

first	 discovered	 as	 an	 antibody‐dependent	 pathway,	 further	 insight	 has	 established	

antibody‐independent	 activation	 via	 bacterial	 products,	 pentraxins	 (including	 CRP)	

and	 apoptotic	 and	 necrotic	 cell	 components	 like	 annexins,	 DNA	 and	 histones	 (14).		

Subsequent	 conformational	 changes	 of	 C1q	 facilitates	 association	 of	 the	 serine	

proteases	 C1r	 and	 C1s	 in	 a	 calcium‐dependent	 manner	 and	 enables	 this	 C1qrs	

molecular	complex	to	cleave	C4	into	C4a	and	C4b,	and	further	association	and	cleavage	

of	C2,	leading	to	assembly	of	the	C3‐convertase	C4b2a.	

The	 lectin	 pathway	 is	 based	 on	 pattern	 recognition	 molecules	 of	 the	 lectin	 type.	

Mannose	 binding	 lectin	 (MBL)	 was	 first	 discovered,	 and	 later	 several	 other	 PRMs	

including	collectin	11	and	12	and	ficolin	1‐,	2‐	and	3	(15).	These	molecules	recognize	

carbohydrate	structures,	typically	found	on	bacteria,	virus	and	fungus.	However,	they	

can	 also	 bind	 self‐structures	 including	 mitochondria	 and	 DNA	 and	 participate	 in	

clearance	 of	 apoptotic	 cells	 (16‐18).	 Following	 pattern	 recognition,	 the	 molecules	

associate	with	the	MBL‐associated	serine	proteases	(MASPs)	‐1	and	‐2	 in	a	calcium‐

dependent	manner	which	cleave	C4	and	C2,	again	resulting	in	the	assembly	of	the	C3‐

convertase	C4b2a.	

The	alternative	pathway	initiation	is	different	from	the	classical	and	lectin	pathway.	

Spontaneous	hydrolysis	(tick‐over)	of	C3	produces	C3(H2O),	a	C3b‐like	molecule,	with	

hydrolysis	of	the	internal	thioester	of	C3.	Factor	B	is	recruited	to	bind	in	a	magnesium‐

dependent	manner	and	subsequently	cleaved	by	factor	D	to	Bb	and	Ba,	resulting	in	the	

formation	of	the	alternative	pathway	C3‐convertase	C3(H2O)Bb.	The	tick‐over	ensures	

that	 the	 complement	 system	 is	 always	 “on”	 with	 C3(H2O)	 ready	 to	 react	 (19).	

Alternatively,	 this	 pathway	 uses	 C3b	 produced	 by	 classical	 or	 lectin	 pathway	 C3	

convertase,	 again	 binding	 factor	 B	 to	 form	 the	 C3	 convertase	 C3bBb.	 Subsequent	

binding	of	properdin	stabilizes	the	convertase.	Controversy	exists	regarding	the	role	of	

properdin	 as	 a	 recognition	 molecule,	 and	 new	 data	 reveals	 the	 lack	 of	 properdin	
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binding	 when	 C3	 is	 blocked,	 suggesting	 that	 properdin	 does	 not	 bind	 without	

preceding	C3b‐binding	(20).		The	alternative	pathway	is	reckoned	as	the	amplification	

loop	as	a	positive	feedback	of	C3bBbP	results	in	further	cleavage	C3	and	production	of	

additional	C3bBb.	Consequently,	this	pathway	is	responsible	for	the	vast	majority	of	

C3b	and	C5b‐9	formation	independent	of	the	initiating	pathway	(21).		

	

1.3.2	Central	and	terminal	pathways	

Irrespective	of	which	initial	pathway	was	activated,	C3	is	cleaved	to	generate	C3b	and	

C3a.	C3b,	the	major	opsonin,	binds	covalently	to	unprotected	surfaces	via	a	thioester	

domain	exposed	after	cleavage	(22).	C3b	and	its	subsequent	cleavage	products	(iC3b,	

C3c,	C3dg)	are	further	recognized	by	complement	receptors	with	a	range	of	effector	

functions	described	 later	 in	 this	 section.	C3b	 assembles	with	 the	C4b2a	 and	C3bBb	

convertases	to	generate	the	C5	convertases	C4b2a3b	and	C3bBbC3b.	The	addition	of	

C3b	shifts	the	preferential	binding	of	the	convertases	from	C3	to	the	C5	molecule	which	

is	subsequently	cleaved	into	C5b	and	C5a	(23).	

The	 anaphylatoxins	 C3a	 and	 C5a	 are	 small	 peptides	 with	 important	 signalling	

properties.	 They	 bind	 to	 their	 respective	 receptors,	 C3aR,	 C5aR1	 and	 C5aR2	 on	

immune	cells,	however	also	found	in	several	other	cell	types	(24).	The	two	former	are	

classical	G	protein‐coupled	receptors,	while	the	latter	is	uncoupled	from	intracellular	

G‐proteins	(25).	The	following	effector	function	depends	on	the	cell	type	expressing	

the	 receptor.	C3a,	 formerly	 thought	of	 as	a	 strictly	pro‐inflammatory	molecule,	was	

recently	shown	to	also	exert	anti‐inflammatory	properties	especially	 in	neutrophils,	

while	still	showing	pro‐inflammatory	effects	on	monocytes,	eosinophils	and	mast	cells	

(26,	27).	C5a	is	a	highly	potent,	but	short‐lived	peptide,	regarded	as	the	dominant	pro‐

inflammatory	 effector	 signalling	 molecule	 of	 the	 complement	 system.	 It	 acts	 as	 a	

chemotactic	agent	on	neutrophils	and	monocytes,	induces	oxidative	burst,	release	of	

enzyme‐containing	 granules	 and	 cytokines	 and	 induces	 upregulation	 of	 adhesion	

molecules	 (28).	However,	 C5a	has	 also	 been	 shown	 to	 exert	 anti‐inflammatory	 and	

immune	regulatory	effects,	mainly	through	the	recently	discovered	C5aR2	which	may	

counteract	the	pro‐inflammatory	effects	driven	by	binding	to	C5aR1	(25).	Still,	the	role	

of	C5aR2	is	controversial	and	definite	function	of	this	receptor	is	not	clearly	elucidated	
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yet.	The	anaphylatoxins	are	degraded	by	carboxypeptidases	into	C3a‐desArg	and	C5a‐

desArg	with	lower	affinity	for	anaphylatoxin	receptors	(29).	

Finally,	the	terminal	C5b‐9	complex	(TCC)	is	assembled:	C5b	subsequently	associates	

with	C6,	C7,	C8	and	multiple	C9	molecules.	When	C7	is	bound,	the	complex	associates	

tightly	to	surfaces	and	the	addition	of	C9	forms	a	pore,	which	can	lyse	cell	and	bacterial	

membranes	(30).	This	complex	also	occurs	in	a	soluble	form,	sC5b‐9.	Some	bacterial	

strains	like	Neisseria	are	susceptible	to	C5b‐9	lysis	although	the	majority	of	bacteria	

are	killed	by	complement	via	C3‐opsonization	and	subsequent	phagocytosis.	However,	

lysis	 is	 not	 the	 only	 effector	 function	 of	 C5b‐9.	 Sub	 lytic	 C5b‐9	 can	 induce	 pro‐

inflammatory	 responses	 including	 NLRP3‐inflammasome	 activation	 and	

degranulation,	 most	 likely	 by	 calcium‐influx	 or	 association	 with	 other	 membrane‐

bound	receptors	(31,	32).			

	

1.3.3	Complement	regulation		

Complement	system	activation	cannot	be	described	without	addressing	complement	

regulation.	 These	 two	 properties	 of	 the	 system	 are	 closely	 linked	 and	 act	

simultaneously,	 enabling	 an	 optimal	 response	 at	 the	 right	 site	 and	 time.	 Several	

regulators	counteract	the	activation	of	the	system	by	cleaving	or	co‐factoring	the	decay	

of	convertases	and	split	products.	Healthy	host	cells	present	complement	regulators	on	

their	surface	to	prevent	complement	attack.		

C1‐INH	 is	 a	 serine	 protease	 inhibitor	which	 inactivates	 C1r,	 C1s	 and	 the	MASPs	 in	

classical	 and	 lectin	 pathway.	 However,	 C1‐INH	 also	 inactivates	 serine	 proteases	 of	

other	cascades	as	the	contact	system,	coagulation	system	and	fibrinolytic	system,	and	

is	 therefore	 not	 a	 strict	 complement	 inhibitor	 (33).	 C1‐INH‐deficiency	 results	 in	

hereditary	 angioedema,	where	 the	 angioedema	 attacks	 are	mediated	by	 bradykinin	

(34).			

Factor	I	is	a	fluid	phase	serine	protease	which	cleaves	and	inactivates	C4b	and	C3b	in	a	

cofactor‐dependant	manner	(35).	The	inactivated	products	(C4c,	C4dg,	iC3b,	C3c	and	

C3dg)	can	no	longer	assemble	to	be	part	of	the	convertases	to	further	drive	the	cascade,	

however	do	bind	to	several	complement	receptors	or	regulators.	C4b	binding	protein	
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(C4BP)	regulates	C4	in	fluid	phase	by	binding	and	exerting	cofactor	activity	for	factor	

I‐mediated	cleavage	of	C4b	and	also	fluid	phase	C3b	and	furthermore	accelerates	the	

decay	 of	 the	 classical	 and	 lectin	 pathway	 C3	 convertase	 (36).	 Membrane	 cofactor	

protein	MCP	(CD46)	also	acts	as	a	cofactor	for	factor	I‐mediated	cleavage	of	C4b	and	

C3b,	however	this	protein	is	as	its	name	states	a	membrane	bound	regulator,	expressed	

on	all	cell	types	except	erythrocytes	(37).	

Factor	H	is	an	important	regulator	of	the	alternative	pathway,	both	of	the	spontaneous	

activation	and	the	amplification	properties	in	fluid	phase	and	on	host	surfaces.	It	is	a	

fluid	phase	protein	built	up	of	20	complement	control	protein	(CCP)	domains.	The	N‐

terminal	four	CCPs	(CCP	1‐4)	constitutes	the	complement	regulatory	part	while	the	C‐

terminal	 end	 (CCP19‐20)	 binds	 to	 C3b	 and	 host	 surfaces	 via	 glycosaminoglycan	 or	

sialic	 acid	 (38,	 39).	 Factor	 H	 binds	 and	 protects	 self	 surfaces	 from	 complement	

deposition	 by	 mediating	 cofactor	 activity	 for	 factor	 I‐mediated	 cleavage	 of	 C3b	 in	

addition	to	binding	and	preventing	C3b	to	associate	with	factor	B	and	accelerating	the	

decay	of	the	alternative	pathway	convertase	(40).		

Decay	 accelerating	 factor	 (DAF,	 CD55),	 a	membrane	 bound	 regulator,	 binds	 to	 and	

dissociates	the	alternative	pathway	convertase.	Finally,	CD59	prevents	final	assembly	

and	subsequent	lysis	effect	of	C5b‐9	on	cell	membranes	(37).	

	

1.3.4	Complement	receptors		

Five	distinct	complement	receptors	(CR)	are	identified.	CR	1	(CD35)	and	2	(CR2,	CD21)	

share	the	CCP	domains	typical	of	several	of	the	complement	regulators,	CR3	(CD11b‐

CD18)	 and	 4	 (CD11c‐CD18)	 are	members	 of	 the	 integrin	 family	while	 complement	

receptor	 immunoglobulin‐like	 (CRIg)	 is	a	member	of	 the	 Ig	superfamily	 (41).	These	

bind	 C3b	 or	 its	 degradation	 products	 iC3b,	 C3c	 and	 C3dg.	 CR1,	 CR3,	 CR4	 and	 CRIg	

participate	to	different	degrees	in	the	binding	of	opsonised	particles	to	immune	cells	

and	 subsequent	phagocytosis	 (42).	 CR1	 is	 found	abundantly	 on	erythrocytes	which	

shuttle	immune	complexes	and	opsonised	particles	via	this	receptor	to	the	liver	and	

spleen	 for	 clearance	 (43).	 Further,	 CR1	 serves	 as	 a	 cofactor	 for	 factor	 I‐mediated	

cleavage	of	C3b	(44).	CR3	is	an	important	granulocyte	phagocytosis	receptor	for	iC3b‐
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opsonised	 particles,	 and	 in	 addition	 plays	 a	 role	 in	 leukocyte‐endothelial	 cell	

interactions	 as	 it	 binds	 to	 	 the	 endothelial	 adhesion	molecule	 ICAM‐1	 (45).	 CR2,	 in	

contrary	 to	 the	 other	 receptors,	 is	 a	 B‐cell	 co‐receptor	 important	 for	 antigen	

presentation	and	B‐cell	responses	(46).	

	

1.4	Toll‐like	receptors	and	CD14	

1.4.1	Toll‐like	receptors		

Toll‐like	receptors	(TLR)	are	a	class	of	membrane	bound	pattern	recognition	receptors	

which,	upon	 ligand	binding,	activate	 intracellular	pathways	 that	ultimately	result	 in	

release	of	cytokines,	chemokines	and	other	inflammatory	molecules	(47).	Ten	different	

human	 TLRs	 have	 been	 identified	 which	 localise	 on	 the	 plasma	 membrane	 or	

membrane	of	intracellular	vesicular	compartments	as	heterodimers	(TLR2/1,	TLR2/6)	

or	homodimers	(TLR3,	4,	5,	7,	8,	9	and	10).		

TLR4	is	one	of	the	most	studied	TLRs.	In	the	late	1990‐ies,	Poltorak	et	al	and	Qureshi	

et	 al	 discovered	 the	 LPS‐sensing	 role	 of	 TLR4	 (48,	 49).	 	 However,	 multiple	 other	

molecules	 have	 been	 demonstrated	 to	 activate	 TLR4,	 in	 CD14	 dependent	 and	

independent	 manners.	 Although	 LPS	 contamination	 is	 important	 to	 rule	 out	 when	

studying	 other	 stimulating	 molecules,	 several	 exogenous,	 endogenous	 (heat	 shock	

proteins,	high	mobility	group	box‐1	protein),	and	synthetic	peptides	are	added	to	the	

list	of	TLR4	activators	(50,	51).	Activation	of	TLR4	is	dependent	on	association	with	

another	 membrane	 bound	 protein,	 MD2,	 forming	 the	 TLR4‐MD2‐complex.	 Ligand	

binding	to	this	complex	results	in	recruitment	of	intracellular	signalling	domains	(TIR‐

domains)	and	engagement	of	adaptor	proteins	(MyD88	and	TRAM/TRIF),	resulting	in	

activation	of	 intracellular	signalling	pathways	that	activate	key	transcription	factors	

for	cytokine	production,	including	NF‐κB	and	interferon	regulatory	factor	3	(IRF3)	(47).	

The	 net	 effect	 of	 these	 pathways	 is	 production	 and	 release	 of	 pro‐inflammatory	

cytokines.	
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1.4.2	CD14		

CD14	 is	 a	 pattern	 recognition	 receptor	 found	 abundantly	 on	 myeloid	 cells,	 but	

increasingly	evident	also	on	other	cell	types	including	endothelial	cells	(52,	53).	The	

receptor	 occurs	 in	 two	 forms;	 a	 glycosylphosphatidylinositol‐	 (GPI)	 anchored	

membrane	protein	and	a	circulating	soluble	molecule,	sCD14	(54).	It	serves	as	a	co‐

receptor	for	TLR4	where	it	presents	the	LPS	molecule	to	the	LPS	binding	site	on	the	

TLR4‐MD2	complex	(55).	CD14	has	also	been	shown	to	interact	with	human	TLR2,	and		

TLR3,	TLR7	and	TLR9	at	least	in	mice	(56‐58).	However,	TLR‐independent	signalling	

by	CD14	leading	to	calcium‐influx	has	recently	been	shown	in	dendritic	cells	(59).	The	

molecular	 structure	 of	 CD14	 enables	 it	 to	 bind	 to	 a	 wide	 range	 of	 ligands,	 thus	

explaining	the	promiscuity	of	CD14	(60).		

	

1.5	Cross	talk	and	redundancy	of	complement,	TLRs	and	CD14	

As	already	mentioned,	both	complement	and	TLRs	recognise	a	variety	of	PAMPs	and	

DAMP.	 Some	 evidently	 activate	 both	 systems	 and	 there	 is	 increasing	 evidence	 of	

substantial	cross‐talk	and	synergy	between	these	pathways.	LPS,	 found	 in	the	outer	

membrane	of	Gram‐negative	bacteria,	activates	TLR4	 in	a	CD14‐dependent	manner,	

although	CD14‐independent	activation	of	TLR4	is	reported	for	high	concentrations	of	

LPS	 (61).	 LPS	 is	 a	 poor	 activator	 of	 complement	 in	 fluid	 phase,	 but	 in	 high	

concentrations	 can	 induce	 assembly	 of	 sC5b‐9	 in	 plasma	 (62).	 The	 fungal	 cell	wall	

protein	zymosan	is	a	potent	complement	activator,	but	is	also	a	ligand	for	TLR2,	again	

exemplifying	the	redundancy	of	the	innate	immune	response.	Raby	et	al	showed	that	

signalling	via	TLRs	could	increase	C5aR‐mediated	responsiveness	to	C5a	in	PBMCs	via	

downregulation	of	C5aR2	expression	(63).	Further,	Zhang	et	al	showed	how	signalling	

via	C3aR	and	C5aR	enhances	TLR‐mediated	cytokine	production	(64).	Experiments	in	

whole	blood	have	demonstrated	how	some	inflammatory	readouts	induced	by	Gram‐

negative	 bacteria	 are	 predominantly	 dependent	 on	 complement,	 including	

phagocytosis	 and	 oxidative	 burst,	 others	 are	 increasingly	 dependent	 on	 CD14,	

including	 selected	 cytokines,	 while	 several	 acute	 inflammatory	 and	 coagulation	

markers	are	dependent	on	both	(65).		



18 
 

The	cross	talk	and	redundancy	of	these	pathways	should	be	considered	when	targeting	

innate	 immunity	 to	 alleviate	 the	 inflammatory	 process	 as	 merely	 targeting	 one	

pathway	may	not	be	a	sufficient	approach.		

	

1.6	The	complement	system	in	health	and	disease	

As	already	mentioned,	 the	complement	system	 is	an	 important	defence	strategy	 for	

surveillance	and	protection	of	 the	host	 against	pathogens,	 but	 is	 also	 important	 for	

clearance	 of	 dead	 cells,	 debris	 and	 immune	 complexes.	 In	 addition,	 complement	

emerges	with	an	important	role	in	adaptive	immunity	in	interplay	with	B‐	and	T‐cells	

(66‐68).	C3d‐opsonised	antigens	bind	to	CR2	on	B‐cells	and	reduces	the	threshold	for	

B‐cell	receptor	signalling	and	antibody	production	(46).	Further,	CR2	is	implicated	in	

maintenance	of	memory	B‐cells	(67).	Studies	in	mice	show	that	T‐helper	1	cells	require	

signalling	via	CD46,	C3aR	and	C5aR1	for	induction	of	normal	INF‐γ	production	(12).	

However,	a	recent	study	in	C3‐deficient	patients	showed	that	these	individuals	mount	

IFN‐γ‐responses,	but	showed	abnormal	IgG‐subclass	patterns	after	vaccination,	most	

strinkingly	a	lack	of	IgG4	(69).	Collectively,	this	shows	that	the	complement	system	also	

participates	in	adaptive	immune	responses	and	long	term	immunologic	memory.	

Recently,	 a	 novel	 function	 of	 the	 complement	 system	 was	 established,	 namely	

intracellular	 complement	 activation.	 Liszewski	 et	 al	 published	 data	 showing	 an	

intracellular	C3	activation	system	with	cleavage	of	intracellular	C3	(70).	The	resulting	

C3a	 was	 shown	 to	 engage	 with	 intracellular	 C3aR	 leading	 to	 effector	 functions	

important	 for	 T‐cell	 homeostasis.	 Initially	 discovered	 in	 T‐cells,	 further	 analysis	 in	

several	 other	 cell	 types	 including	 monocytes,	 neutrophils,	 endothelial	 cells	 and	

epithelial	cells	revealed	similar	intracellular	stores	of	C3	and	generation	of	C3a.	This	

new	role	of	complement	may	have	broader	implications	in	cellular	homeostasis	and	

shows	that	many	aspects	of	the	complement	system	are	still	not	yet	fully	understood	

(71).	Other	 research	groups	have	 linked	complement	 to	 tasks	 related	 to	embryonal	

development	 (72)	 and	 neuronal	 pruning	 (73).	 These	 latter	 insights	 show	 how	 the	

complement	 system	also	plays	an	 important	role	 in	other	 settings	 than	pure	 innate	

defence.	



 

19 
 

Given	the	 important	roles	of	complement	regarding	defence,	clearance,	homeostasis	

and	immunologic	memory,	there	is	no	surprise	that	complement	also	is	involved	in	a	

multitude	 of	 diseases.	 Individuals	 with	 deficiencies	 of	 specific	 complement	

components	or	regulators	have	increased	our	knowledge	of	these	roles	of	complement	

(74).	 The	 complement	 system	 balances	 between	 activation	 and	 regulation	 for	 fine‐

tuned	 and	 appropriate	 responses	 to	 triggers.	 This	 balance	 seems	 to	 be	 of	 crucial	

importance	as	an	imbalance	in	this	finely	regulated	response	can	lead	to	inappropriate	

activation	and	disease	processes.	Genetic	polymorphisms	affect	an	individual’s	balance	

and	have	been	addressed	as	the	complotype	(75).	Reduced	potential	for	activation	or	

too	 strict	 regulation	 increases	 the	 risk	 of	 infections	 while	 escalated	 activation	 or	

reduced	regulation	will	predispose	for	inflammation,	tissue	damage	and	autoimmune	

diseases.	In	the	following	paragraphs,	I	will	present	some	examples.	

Complement	defects	resulting	in	insufficient	activation,	typically	are	associated	with	

an	 increased	 risk	 of	 infection,	mainly	 by	 bacteria	 (76).	Deficiency	 of	 the	 central	 C3	

molecule	 leads	 to	 early	 onset	 of	 serious	 infections	 by	 encapsulated	 bacteria,	 while	

deficiency	of	terminal	complement	components	almost	exclusively	increases	the	risk	

of	Neisseria	infection.	MBL‐deficiency	is	associated	with	increased	risk	of	infection	in	

young	 children	when	 the	protection	by	maternally‐derived	 antibodies	 fade	until	 an	

efficient	antibody	repertoire	is	established	(77).	Likewise,	in	other	immunodeficiency	

states	 including	 immune	 suppressive	 treatment,	 MBL‐deficiency	may	 contribute	 to	

infection	frequency	and	severity	(78‐81).			

The	 role	 of	 complement	 for	 clearance	 of	 immune	 complexes	 and	 cellular	 debris	 is	

highlighted	by	the	fact	that	defects	in	early	components	of	the	classical	pathway	are	

associated	with	systemic	lupus	erythematosus	(SLE)	(82).	Up	to	90	%	of	patients	with	

C1q‐deficiency	are	reported	to	develop	SLE	or	SLE‐like	disease,	followed	by	80	%	of	

patients	with	C4	deficiency	(76).	Interestingly,	C3	deficiency	is	mainly	not	associated	

with	SLE	or	other	autoimmune	diseases,	which	can	be	explained	by	the	important	role	

of	C3	for	the	processing	of	antigens	in	T	cells,	thus	C3	deficiency	may	protect	against	

the	development	of	autoreactive	T	cells	(68).	

Defects	in	complement	regulators	or	increased	activity	of	the	C3	convertase	are	found	

in	 atypical	 haemolytic‐uremic	 syndrome	 (aHUS)	 and	 several	 complement‐related	
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kidney	 diseases	 (83).	 In	 aHUS,	 the	most	 common	 defect	 is	mutation	 in	 factor	H	 or	

autoantibodies	 to	 factor	 H,	 decreasing	 the	 complement	 regulating	 function	 of	 this	

molecule	(84).	A	triggering	event	leading	to	complement	activation	induces	a	sustained	

and	uncontrolled	activation	resulting	in	thrombotic	microangiopathy	most	prominent	

in	the	kidneys	and	subsequent	renal	failure	in	these	patients	(85).		

In	 paroxysmal	 nocturnal	 haemoglobinuria	 (PNH),	 the	 glycosylphosphatidylinositol	

(GPI)	 anchor	 is	 missing	 on	 a	 clone	 of	 haematopoietic	 stem	 cells	 due	 to	 a	 somatic	

mutation	 in	 a	 the	 PIG	 A‐gene	 (86).	 Consequently,	 affected	 erythrocytes	 lack	

complement	regulators	CD55	and	CD59	and	are	prone	to	complement‐mediated	lysis,	

leading	 to	 anaemia.	 In	 addition,	 these	 patients	 also	 have	 an	 increased	 risk	 of	

thrombosis.		

	

1.6.1	Complement	in	bacterial	infections	and	sepsis		

The	most	 studied	 effector	 function	 of	 complement	 is	 protection	 against	 pathogens,	

most	importantly	bacteria.	The	immune	response	in	bacterial	infection	aims	to	induce	

an	appropriate	inflammatory	response	to	confine,	resolve	and	clear	the	infection	and	

subsequently	repair	the	tissue	damage	caused	by	the	infection.		

Bacteria	can	be	recognised	by	all	three	initiating	pathways	leading	to	C3b‐opsonisation	

(87).	 Production	 of	 anaphylatoxins	 and	 cytokines	 recruit	 and	 activate	 professional	

phagocytes,	typically	granulocytes	and	monocytes,	which	express	receptors	including	

CR3	that	bind	to	C3b‐opsonised	bacteria	and	initiate	phagocytosis.	Erythrocytes	also	

play	 an	 important	 role	 with	 CR1‐mediated	 binding	 and	 subsequently	 transport	 of	

opsonised	bacteria	to	resident	macrophages	in	the	liver	and	spleen	(43).	Deposition	of	

C5b‐9	 can	 lyse	 certain	 Gram‐negative	 bacterial	 strains,	 however	 most	 importantly	

Neisseria	species.	This	is	evident	from	nature’s	own	experiments	as	patients	deficient	

of	C5,	C6,	C7,	C8	or	C9	are	almost	exclusively	prone	to	Neisserial	infections,	included	

patients	 treated	 with	 the	 C5‐inhibitor	 eculizumab	 (76).	 The	 important	 role	 of	

complement	to	protect	against	bacteria	is	also	evident	by	evasion	strategies	developed	

by	several	bacteria	to	evade	complement	mediated	attack,	as	reviewed	by	Laarman	et	

al	for	Staphylococcus	aureus	(S.	aureus)	and	group	A	Streptococcus	which	express	and	
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secrete	 several	 proteins	 that	 inhibit	 complement	 recognition,	 activation	 and	

amplification	(88).	

When	 the	 inflammatory	 response	 to	 bacteria	 is	 kept	 locally	 and	 controlled,	 the	

infection	 can	 be	 cleared	 and	 tissue	 homeostasis	 resolved.	 In	 contrast,	 a	 systemic	

inflammatory	 activation	 may	 lead	 to	 a	 detrimental	 and	 host‐threatening	 situation.	

Sepsis	is	defined	as	life‐threatening	organ	dysfunction	caused	by	a	dysregulated	host	

response	 to	 infection	 (89).	 The	 true	 incidence	 worldwide	 is	 unknown,	 however	

estimates	point	out	that	sepsis	is	a	leading	cause	of	mortality	and	critical	illness	(90).	

Despite	extensive	treatment	with	antibiotics	and	supportive	therapy	in	intensive	care	

units,	morbidity	and	mortality	remains	high,	reflecting	the	lack	of	effective	treatment	

strategies	once	the	syndrome	is	acknowledged.	Complement	activation	is	implicated	

as	part	of	the	pathophysiology,	evident	from	a	long	list	of	in	vivo	animal	studies	and	

demonstrated	by	profound	complement	activation	in	sepsis	patients	(91‐93).	However,	

other	innate	immune	pathways	and	adaptive	immunity	are	evidently	involved	in	the	

pro‐	and	anti‐inflammatory	responses	characterizing	sepsis,	in	addition	to	coagulation,	

neurohormonal	 and	 metabolic	 pathways,	 underscoring	 that	 the	 multifaceted	 and	

complex	pathophysiology	is	not	yet	fully	understood	(89,	94,	95).		

	

1.6.2	Complement	and	ischemia‐reperfusion	injury	

The	tissue	damage	caused	by	abrogation	 followed	by	restoration	of	blood	supply	to	

tissues	or	organs	is	termed	ischemia‐reperfusion	injury.	The	abrogation	of	blood	flow	

to	part	of	or	a	whole	organ	halts	oxygen	delivery	and	results	in	ischemia.	Depending	on	

the	 length	 of	 ischemia,	 this	 oxygen	 deprivation	 will	 lead	 to	 cellular	 damage	 and	

subsequent	cell	death.	Therefore,	rapid	restoration	of	blood	flow	is	a	crucial	method	

for	salvaging	still	vital	cells.	However,	the	ischemia	and	subsequent	reperfusion	leads	

to	 tissue	 damage	 and	 release	 of	 DAMPs	 that	 activate	 innate	 immune	 pathways.	

Although	important	for	the	healing	process,	this	sterile	inflammatory	process	causes	

detrimental	effects	and	 increases	 the	 final	 tissue	or	organ	 injury	 in	a	wide	range	of	

conditions,	 including	myocardial	infarction	and	solid	organ	transplantation	(96,	97).	

Complement	activation	was	demonstrated	in	infarcted	myocardium	of	rats	in	1971	by	

Hill	and	Ward	(98),	and	later	research	has	revealed	the	contribution	of	complement	
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activation	to	the	ischemia‐reperfusion	injury	in	various	organs	(99).		All	three	initiating	

pathways	have	been	linked	to	the	activation	of	complement	in	ischemia‐reperfusion	

injury,	although	the	lectin	pathway	recognition	molecules	and	natural	occurring	IgM	

antibodies	 binding	 to	 neo‐epitopes	 or	 extracellular	matrix	 proteins	 exposed	during	

ischemia‐reperfusion	 have	 gained	 most	 attention	 (100,	 101).	 The	 following	

complement	 activation	 and	 C5a	 production	 recruits	 neutrophils	 which	 generate	

reactive	 oxygen	 species	 that	 contribute	 to	 cellular	 injury	 and	 cell	 death	 (102).	

Subsequent	 recruitment	 of	 other	 immune	 cells	 including	monocytes,	 dendritic	 cells	

and	T‐cells,	 contribute	 to	 inflammation	 and	 remodelling	with	 both	detrimental	 and	

beneficial	effects	(103).	Finding	strategies	to	target	and	reduce	the	detrimental	effects	

while	 keeping	 the	 beneficial	 healing	 and	 remodelling	 steps	 has	 proven	 difficult,	

however,	complement	is	still	regarded	as	an	attractive	target	(104).	

	

1.6.3	Complement	and	antiphospholipid	syndrome		

Antiphospholipid	 syndrome	 is	 characterized	 by	 arterial,	 venous	 or	 small‐vessel	

thrombosis	or	pregnancy	morbidity	(recurrent	abortions,	fetal	losses,	pre‐eclampsia,	

and	placental	insufficiency)	in	the	presence	of	persistent	antiphospholipid	antibodies	

(anti‐cardiolipin	 antibodies,	 anti‐β2	 glycoprotein	 1	 (β2‐GP1)	 antibodies	 and	 lupus	

anticoagulant)	(105).	The	disease	occurs	either	as	a	primary	disorder,	or	secondary	in	

other	 autoimmune	diseases,	 typically	 SLE.	 Thrombosis	 is	 linked	 to	 inflammation	 in	

these	 patients,	 although	 the	 exact	 mechanism	 by	 which	 the	 antiphospholipid	

antibodies	 induce	 thrombosis	 or	 pregnancy	 morbidiy	 is	 not	 clearly	 elucidated.	

However,	 research	 points	 to	 β2‐GP1	 as	 the	 most	 pathogenic	 target	 (106).	 The	

complement	system	has	been	implicated	in	the	pathogenesis	of	the	disease	based	on	in	

vivo	 studies	 in	 mice	 where	 complement	 inhibition	 was	 shown	 to	 reduce	 obstetric	

complications	and	thrombosis	(107,	108).	The	binding	of	antiphospholipid	antibodies	

is	 proposed	 to	 activate	 the	 classical	 complement	 pathway,	 linking	 complement	 and	

coagulation	in	this	disease,	underscored	by	the	discovery	of	a	non‐complement‐fixing	

anti‐β2GP1‐antibody	which	reduces	thrombus	formation	in	rats	and	pregnancy	loss	in	

mice	(109).	C5‐inhibition	and	C6‐deficieny	also	reduced	the	two	outcomes,	suggesting	

a	role	of	C5b‐9	in	the	pathogenesis.	Intriguingly,	a	study	by	Oku	et	al	showed	signs	of	
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complement	 activation	 and	 consumption	 of	 C3	 in	 patients	 with	 primary	

antiphospholipid	syndrome	(110).		

Although	rare,	some	patients	develop	the	devastating	and	life‐threatening	catastrophic	

antiphospholipid	syndrome	(CAPS),	featured	by	multi‐organ	thrombosis	and	up	to	50	%	

mortality	rate	(111).	CAPS	manifests	as	a	systemic	inflammatory	response	syndrome	

with	 clinical	 and	 histopathologic	 evidence	 of	 thrombotic	 microangiopathy	 (112).	

Typical	triggering	factors	are	infection,	surgery,	withdrawal	of	anticoagulant	therapy	

and	 pregnancy/puerperium	 (113).	 The	 contribution	 of	 complement	 in	 the	

pathogenesis	of	CAPS	was	elucidated	in	a	recent	case	report	from	our	group	(114).	A	

patient	developed	CAPS	with	rapid	clinical	deterioration	and	cardiac	arrest.	High	levels	

of	 sC5b‐9	 detected	 in	 plasma	 samples	 resolved	 after	 eculizumab	 administration,	

simultaneously	with	clinical	 improvement	 in	 the	patient.	Withdrawal	of	eculizumab	

induced	 a	 disease	 flare	 which	 was	 efficiently	 abolished	 when	 eculizumab	 was	

reinstituted.	This	case	elucidates	how	systemic	activation	of	complement	might	be	a	

driving	 event	 in	 CAPS,	 at	 least	 in	 this	 patient,	 even	 though	 the	mechanism	 of	 how	

complement	activation	and	thrombosis	are	related	is	not	yet	clear.	
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2	Aim	

The	main	aim	of	 this	 thesis	was	 to	study	 the	role	of	complement	 in	models	of	

acute	inflammatory	diseases.		

Complement,	as	part	of	the	rapid	and	immediate	innate	immune	response	to	pending	

danger,	 contributes	 to	 the	 pathophysiology	 of	many	 human	 diseases.	 However,	 the	

individual	contribution	of	complement	activation	is	not	always	clearly	elucidated.	This	

knowledge	 has	 the	 potential	 to	 result	 in	 new	 therapeutic	 approaches,	 as	 the	 first	

complement	inhibitor	has	reached	the	clinic	and	several	others	are	on	the	verge	(115).		

Specific	aims:		

1. To	study	the	cross	talk	and	redundancy	of	complement	and	the	TLR/CD14‐

system	in	acute	whole	bacteria‐induced	inflammation.	

As	the	TLR4‐MD2	antagonist	eritoran	failed	in	a	phase	three	sepsis	trial,	we	used	

an	established	in	vitro	whole	blood	model	to	investigated	the	inhibitory	effect	of	

this	drug	compared	to	inhibition	of	CD14,	and	the	combination	of	each	of	these	

TLR‐system	 inhibitors	 with	 a	 complement	 inhibitor	 on	 the	 inflammatory	

response	induced	by	Gram‐negative	and	Gram‐positive	bacteria.		

2. To	 study	 the	 role	 of	 endothelial	 cells	 in	 acute	whole	 bacteria‐induced	

inflammation.	

We	developed	the	whole	blood	model	further	to	include	the	interaction	between	

whole	 blood	 and	 endothelial	 cells.	 This	 model	 was	 used	 to	 study	 the	

contribution	 of	 complement	 and	 the	 TLR/CD14‐system	 in	 endothelial	 cell	

activation	 by	 whole	 Gram‐negative	 and	 Gram‐positive	 bacteria,	 aiming	 to	

elucidate	the	mechanisms	of	 interaction	between	endothelial	cells	and	whole	

blood	in	acute	bacteria‐induced	inflammation.	

3. To	 study	 the	 role	of	 complement	activation	 in	a	model	of	acute	 sterile	

inflammation.	

Complement	 inhibition	 failed	 to	 reduce	 mortality	 in	 a	 phase	 three	 trial	 of	

percutaneous	coronary	intervention	treated	myocardial	infarction	(APEX‐AMI),	

however	 concerns	were	 raised	 regarding	 the	 inhibition	 as	 sC5b‐9	 increased	

similarly	 in	 the	 treatment	 and	 placebo	 groups.	We	 used	 a	 porcine	model	 of	



 

25 
 

myocardial	 ischemia‐reperfusion	 injury	 to	 investigate	 to	 what	 extent	

complement	activation	contributes	to	the	final	myocardial	infarction	size.		

4. To	study	the	effects	of	complement	inhibition	in	an	autoimmune	disease	

were	complement	is	implied	as	part	of	the	pathophysiology.		

Complement	inhibition	emerges	in	the	clinic.	In	the	case	of	a	pregnant	woman	

with	antiphospholipid	syndrome	and	in	high	risk	of	developing	a	catastrophic	

variant	of	the	disease,	we	followed	the	effect	of	complement	inhibition	in	the	

mother	and	child	to	study	the	efficacy	and	safety	of	this	off‐label	prophylactic	

treatment	approach.		
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3	Materials	and	methods	

This	chapter	contains	an	overview	and	some	considerations	regarding	the	materials	

and	methods	used	in	the	papers	of	this	thesis.	Closer	details	are	found	in	the	methods	

sections	of	the	included	papers.		

	

3.1	LPS	and	bacteria	

LPS:	LPS	varies	among	different	strains	of	Gram‐negative	bacteria.	In	paper	1,	we	used	

ultrapure	LPS	from	E.	coli	strain	0111:B4,	a	smooth	type	LPS.		

Bacteria:	In	paper	1	and	2,	we	used	Escherichia	coli	(E.	coli)	strain	LE392	with	smooth	

LPS	 (ATCC	33572)	 and	S.	aureus	 strain	 Cowan	1	 (ATCC	12598).	 The	 bacteria	were	

inactivated	by	heat	and	counted	by	flow	cytometry	to	achieve	the	correct	concentration.	

	

3.2	Inhibitors	

Paper	1:	We	chose	to	target	complement	at	the	C3	level	to	inhibit	C3a,	C5a	and	C5b‐9‐	

mediated	 responses	 and	 used	 the	 small	 peptide	 C3‐inhibitor	 compstatin	 analogue	

Cp40.	TLR4‐MD2	was	inhibited	by	the	blocking	lipid	A	analogue	eritoran	(E5564),	used	

in	human	sepsis	trials	and	therefore	relevant	for	bacteria‐induced	inflammation.	CD14	

was	inhibited	by	the	blocking	anti‐human	CD14	antibody	clone	r18D11,	the	original	

clone	 developed	 by	 Terje	 Espevik	 in	 Trondheim	 and	 the	 recombinant	 version	

developed	 and	 tested	 in	 our	 laboratory.	 This	 antibody	 is	 endowed	 with	 a	 human	

IgG2/4	hybrid	heavy	chain,	and	thus,	inert	with	respect	to	major	IgG	effector	functions;	

Fc‐mediated	 complement	 activation	 and	 Fcγ‐receptor	 binding	 (116).	 An	 IgG2/4	

isotype	antibody	and	a	control	peptide	were	added	as	controls.	

Paper	2:	As	increasing	evidence	emerge	regarding	pro‐inflammatory	properties	of	C3a,	

we	chose	to	target	complement	at	the	C5‐level,	blocking	C5a	and	C5b‐9‐responses,	but	

leaving	 the	C3‐molecule	active.	We	 therefore	used	 the	C5‐blocking	 IgG2/4	antibody	

eculizumab.	 In	addition,	we	added	a	specific	C5aR1‐receptor	agonist	to	differentiate	

between	C5aR1	and	C5b‐9	mediated	responses.	CD14	was	inhibited	by	the	anti‐human	
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CD14	 IgG2/4	 antibody	 (r18D11)	 and	 TLR4‐MD2	 inhibited	 by	 eritoran.	 	 Cytokine	

inhibition	 was	 achieved	 by	 the	 TNF‐blocking	 antibody	 infliximab	 and	 the	 IL‐1β–

blocking	antibody	canakinumab,	respectively.	The	CD20‐blocking	antibody	rituximab	

was	used	as	a	control	antibody.	

The	 final	 concentrations	 of	 the	 inhibitors	 were	 based	 on	 previous	 dose‐response	

experiments	 in	 whole	 blood	 to	 ensure	 complete	 inhibition.	 Controls	 were	 used	 in	

equimolar	final	concentrations.	

Paper	 3:	 In	 this	 porcine	 model,	 we	 used	 the	 recombinant	 bacterial	 Ornithodoros	

moubata	Complement	 Inhibitor	(OmCI),	a	16.8	kDa	protein	also	known	as	coversin,	

which	cross‐reacts	with	porcine	C5.	The	inhibitor	was	diluted	in	saline	and	saline	only	

was	used	as	placebo.	The	concentrations	of	the	bolus	and	continuous	 infusion	were	

based	 on	 previous	 experiments	 ensuring	 complete	 C5‐blockage	 throughout	 the	

experimental	time	course.	One	animal	receiving	coversin	did	not	show	complete	C5‐

inhibition	for	unknown	reasons,	and	was	therefore	excluded	from	further	analysis	as	

this	obviously	would	preclude	the	interpretation	of	the	data.	

Paper	4:	The	C5‐blocking	Ab	eculizumab	was	administered	by	30	min	infusion	twice,	7	

days	apart,	in	a	dose	of	600	mg.	The	chosen	dose	was	based	on	efficient	C5	inhibition	

in	two	pregnant	women	diagnosed	with	PNH	of	approximately	the	same	weight.	

	

3.3	Analysis	

3.3.1	ELISA		

Enzyme‐linked	 immunosorbent	 assays	 use	 antibodies	 specific	 for	 the	 biomarker	 of	

interest,	and	a	subsequent	step	in	which	the	detection	antibody	(primary)	or	a	new	

antibody	detecting	the	detection	antibody	(secondary)	is	conjugated	with	an	enzyme.	

This	enzyme	cleaves	an	added	substrate	to	produce	a	colour	and	the	colour	intensity	

reflects	the	amount	of	biomarker	in	the	sample.	By	using	a	standard	curve	of	known	

concentrations,	the	colour	intensity	translates	to	a	concentration	value.	
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Fluid	 phase	 C5b‐9	 was	measured	 in	 EDTA‐plasma	 by	 an	 in	 house	 sandwich‐ELISA	

using	a	C9‐neoepitope	specific	monoclonal	antibody	(clone	aE11)	as	a	capture	antibody	

and	a	biotinylated	C6‐specific	monoclonal	antibody	(clone	9C4)	as	a	detection	antibody.	

Zymosan‐activated	normal	human	serum	was	used	as	a	 standard.	This	assay	 cross‐

reacts	with	porcine	C5b‐9	and	was	used	in	paper	3.	In	paper	4,	complexes	of	C5	and	

eculizumab	 in	 serum	 were	 measured	 by	 an	 in‐house	 sandwich‐ELISA	 using	 a	

monoclonal	anti‐C5	antibody	as	a	capture	antibody	and	an	IgG4	antibody	as	a	detection	

antibody.	Eculizumab	added	to	human	serum	 in	vitro	 in	a	known	concentration	was	

used	as	a	standard.	For	additional	biomarkers	detected	by	ELISA,	commercial	kits	were	

used	 in	 accordance	 with	manufacturer’s	 instructions.	 This	 includes	 leukotriene	 B4	

(LTB4)	and	heart	 fatty	acid	binding	protein	 (H	FABP)	 in	paper	3.	 In	paper	3	and	4,	

complement	function	of	the	classical,	lectin	and	alternative	pathways	were	assessed	by	

a	commercial	available	ELISA	(Complement	System	Screen	Wieslab).	The	analysis	 is	

semi‐quantitative	as	the	pathway	activity	is	defined	as	percent	of	a	positive	control	and	

complete	C5‐inhibition	abrogates	assembly	of	the	detected	C5b‐9	of	all	pathways.	

	

3.3.2	Multiplex	technology		

Multiplex	technology	allows	the	quantification	of	several	biomarkers	simultaneously	

by	 using	 uniquely	 fluorescence	 coloured	 beads	 with	 specific	 detection	 antibodies	

attached.	Biotinylated	secondary	antibodies	are	added,	which	subsequently	bind	to	a	

fluorescent	 reporter	molecule.	A	 flow	cytometer	excites	 the	beads	and	 the	 reporter	

molecules,	respectively,	leading	to	separation	of	the	beads	in	a	plot,	and	measurements	

of	the	fluorophore	intensity	reflecting	the	amount	of	the	biomarker.	An	added	standard	

enables	quantification	of	the	signal.	TNF,	IL‐1β,	IL‐6	and	IL‐8	were	chosen	as	cytokine	

readouts	 as	 these	 are	 proven	 robust	 from	 previous	 publications	 of	 our	 group	 and	

clinically	relevant	pro‐inflammatory	cytokines.	

 

3.3.3	Flow	cytometry		

In	paper	1,	the	leukocyte	activation	markers	CD11b	(subunit	of	CR3)	and	CD35	(CR1)	

were	 measured	 by	 flow	 cytometry	 after	 lysis	 of	 erythrocytes	 and	 staining	 with	
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fluorophore‐marked	 antibodies	 against	 CD11b,	 CD35	 and	 CD14.	 Monocytes	 and	

granulocytes	 were	 gated	 by	 side	 scatter	 (SSC)	 and	 high	 or	 low	 CD14‐staining,	

respectively.	In	paper	2,	the	endothelial	cell	activation	markers	ICAM‐1	and	E‐selectin	

were	analysed	by	 flow	cytometry	after	briefly	 fixed	(PFA	0,5	%	for	2.5	min	at	4°C),	

stained	with	 fluorophore‐marked	 antibodies	 against	 ICAM‐1,	 E‐selectin	 and	 CD146		

and	 gently	 detached	 by	 trypsin‐EDTA.	 Endothelial	 cells	were	 gated	 by	 high	 CD146	

staining	and	SSC.	

	

3.4	In	vitro	experiments	

3.4.1	Whole	blood	model		

The	whole	blood	model	 is	 an	 in	vitro	 system	designed	 to	 study	acute	 inflammatory	

processes	and	cross	talk	between	the	entangled	systems	of	whole	blood,	with	all	the	

components	 of	 whole	 blood	 in	 place	 (117).	 However,	 adding	 an	 anticoagulant	 is	 a	

prerequisite	as	the	coagulation	process	inevitable	initiates	when	whole	blood	is	drawn.	

By	using	lepirudin,	a	thrombin	inhibitor,	the	coagulation	cascade	is	kept	open	down	to	

the	final	step	of	thrombin	activation,	thus	most	of	the	coagulation	factors	are	preserved	

as	active	contributors	in	the	inflammatory	process.	In	brief,	whole	blood	was	drawn	

into	 tubes	 containing	 lepirudin	 at	 a	 final	 concentration	 of	 50	 µg/ml.	 Aliquots	were	

preincubated	with	PBS	or	 selected	 inhibitors	and	subsequently	added	a	 stimulating	

agent	 or	 PBS	 as	 a	 control	 and	 left	 at	 37°C	 for	 incubation	 for	 the	 designated	 time	

depending	on	the	readout	while	gently	rotated	to	prevent	sedimentation.	Six	different	

healthy	blood	donors	were	included	for	each	readout	if	not	otherwise	stated.	

	

3.4.2	Whole	blood	HUVEC	model	

The	whole	blood	human	umbilical	vein	endothelial	cell	(HUVEC)	model	was	designed	

to	study	the	acute	inflammatory	processes	of	whole	blood	keeping	in	contact	with	the	

endothelial	cells	that	line	the	blood	vessels.	Endothelial	cells	are	not	a	passive	barrier,	

but	 rather	an	active	contributor	and	player	 in	 the	 inflammatory	process	 (118).	The	

whole	blood	HUVEC	model	enables	us	to	study	the	interactions	between	whole	blood	
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and	endothelial	cells,	 thus	taking	the	whole	blood	model	a	step	closer	to	 the	 in	vivo	

situation.	In	brief,	human	umbilical	cord	vein	endothelial	cells	of	early	passages	(0‐5)	

were	grown	 in	monolayers	 to	confluence	 in	cell	 culture	well	plates.	Endothelial	 cell	

medium	was	removed	and	the	monolayer	gently	washed	with	sterile	PBS	at	37°C.	Fresh	

whole	blood	anticoagulated	with	lepirudin	was	added	in	addition	to	PBS	or	selected	

inhibitors.	 Subsequently,	 a	 stimulating	 agent	 was	 added	 and	 plates	 left	 in	 a	 CO2	

incubator	chamber,	37°C,	for	four	hours	with	gentle	shaking	to	prevent	sedimentation.	

An	incubation	time	of	four	hours	was	titrated	to	allow	upregulation	and	detection	of	

both	the	endothelial	cell	activation	markers	E‐selectin	and	ICAM‐1.	Again,	six	different	

blood	donors	were	included	for	each	readout	unless	otherwise	stated.	

	

3.5	In	vivo	experiments	

3.5.1	Porcine	model	of	myocardial	ischemia‐reperfusion	

This	model	enabled	us	to	study	the	contribution	of	complement	in	an	in	vivo	model	of	

ischemia‐reperfusion	 injury.	 An	 ischemia	 time	 of	 40	 min	 was	 chosen	 as	 this	 is	

comparable	 to	 four	hours	of	 ischemia	 in	man	 (119).	A	 reperfusion	 time	of	240	min	

enabled	 us	 to	 use	 triphenyl	 tetrazolium	 chloride	 (TTC)	 staining	 for	 infarction	

assessment.	 The	 relative	 short	 observation	 time	 however	 limited	 us	 from	 drawing	

conclusions	regarding	long‐term	effects	of	complement	inhibition,	including	the	effect	

on	 cardiac	 remodelling.	 Sixteen	pigs	 of	 20	 kg	were	 included	 and	block	 randomized	

(four	animals	per	block)	to	either	coversin	bolus	+	infusion	or	placebo	bolus	+	infusion,	

eight	 in	 each	 group	 and	 blinded	 to	 the	 investigators.	 In	 addition,	 three	 animals	

underwent	a	sham	procedure	and	served	as	negative	controls.	After	initial	anaesthesia,	

surgery	 and	 instrumentation	 with	 monitoring	 equipment,	 the	 heart	 was	 exposed.	

Microdialysis	catheters	were	placed	in	the	LAD‐perfused	area	and	a	control	area	of	the	

heart	as	a	method	to	assess	local	inflammation.	A	silicon	thread	was	placed	around	the	

left	anterior	descending	(LAD)	coronary	artery	distal	 to	the	second	diagonal	branch	

allowing	complete	and	reversible	occlusion	of	coronary	blood.	Coversin	or	placebo	was	

given	intravenously	20	min	after	occlusion	and	throughout	reperfusion.	Arterial	blood	

samples	were	obtained	at	specific	time	points	for	blood	gas	analysis,	serum,	and	EDTA‐

plasma	preparation,	and	microdialysis	samples	were	obtained	simultaneously.		
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Microdialysis	 is	 a	 technique	where	 dialysate	 fluid	 circulates	 past	 a	 semipermeable	

membrane	in	a	small	probe	inserted	in	a	tissue	or	organ	and	is	collected	in	vials.	Small	

molecules	 pass	 through	 the	 membrane	 and	 can	 be	 detected	 in	 the	 collected	 fluid.	

Although	 the	 technique	 classically	 is	 used	 to	 detect	 glucose,	 lactate	 and	 other	

metabolites	 related	 to	 local	 ischemia,	 also	 immunologic	 biomarkers	 are	 detectable	

given	 appropriate	 molecular	 weight	 and	 charge.	 This	 enables	 us	 to	 detect	 local	

inflammatory	biomarkers,	as	opposed	to	the	plasma	levels	of	circulating	biomarkers	

which	not	necessary	reflect	the	local	processes.	We	measured	TNF,	IL‐1β,	IL‐6,	IL‐8	and	

IL‐10	in	microdialysis	fluid	sampled	at	designated	time	points	from	the	area	at	risk	and	

a	control	region.	A	limitation	of	the	method	is	the	unpredictable	probe	life	resulting	in	

cessation	of	dialysate	fluid	circulation.	The	method	failed	in	three	animals	before	120	

min	of	reperfusion	and	these	were	excluded	from	further	analysis.		

Cardiac	 function	was	evaluated	by	echocardiography	performed	before	 induction	of	

ischemia	and	prior	to	euthanization,	based	on	measurements	of	systolic	velocity	and	

displacement,	analysed	by	an	experienced	cardiologist.	

Infarct	size	was	evaluated	by	histological	staining	and	MRI.	Evans	blue,	which	stains	

circulated	 tissue,	 was	 infused	 after	 reocclusion	 of	 LAD	 and	 immediately	 prior	 to	

euthanization	 and	 delineated	 the	 area	 at	 risk	 as	 this	 area	 remained	 unstained.	 The	

excised	heart	underwent	MRI	scanning	for	infarction	size	determination	as	compared	

to	the	total	left	ventricular	volume.	The	left	ventricle	was	isolated	and	the	area	at	risk	

excised	and	divided	in	horizontal	slices	which	were	stained	with	TTC	and	subsequently	

fixed	with	formaldehyde	before	digital	scanning.	TTC	stains	dehydrogenases	in	viable	

tissue	 red,	 while	 infarcted	 tissue	 remains	 white	 due	 to	 the	 washout	 and	 no	 new	

production	 of	 dehydrogenases.	 Infarct	 size	 was	 determined	 as	 a	 percentage	 white	

tissue	of	the	area	at	risk	using	pixel	counts	in	Photoshop	CS5.	

Tissue	samples	from	the	area	at	risk,	the	border	zone	and	a	control	area	were	obtained	

for	 subsequent	 immunofluorescence	 staining	 and	 tissue	 homogenate	 analysis.	 E‐

selectin	 and	 FGL‐2,	 markers	 of	 endothelial	 cell	 activation,	 C5b‐9	 deposition	 and	

myocardial	LTB4	were	analysed	revealing	local	effects	of	coversin	treatment.		
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3.6	Clinical	case	report	

Case	reports	have	important	shortcomings	as	they	lack	controls,	are	not	generalizable	

and	cannot	establish	certain	causality.	However,	for	rare	diseases	where	randomized	

clinical	trials	are	difficult	to	conduct,	singles	cases	can	certainly	generate	hypotheses	

about	 disease	 pathophysiology	 and	 treatment	 strategies,	 in	 addition	 to	 their	

educational	value.	In	this	case,	in	addition	to	close	clinical	monitoring,	blood	samples	

were	obtained	from	the	patient	before	and	during	eculizumab	treatment	to	monitor	

treatment	effects.	In	addition,	blood	samples	were	obtained	from	the	umbilical	artery	

and	vein	immediately	after	cord	clamping	and	from	the	infant	two	hours	after	birth,	to	

evaluate	the	effect	of	eculizumab	on	the	new‐born.		

	

3.7	Statistical	considerations	

Statistical	significance	 is	a	theoretical	concept,	 initially	used	to	consider	whether	an	

experiment,	given	the	results,	is	worthy	of	repetition.	A	p‐value	of	0.05	connotes	that	

there	is	a	5	%	chance	of	getting	the	present	or	a	more	extreme	result	given	that	the	null	

hypothesis	is	true.	Statistical	significance	is	not	equal	to	biologic	relevance,	and	we	are	

generally	interested	in	large	differences	in	order	to	appreciate	biological	relevance	of	

our	findings.	In	the	in	vitro	and	in	vivo	experiments	of	this	thesis,	we	operate	with	a	

small	number	of	observations.	Hence,	differences	must	be	consistent	and	relative	large	

to	be	calculated	as	statistical	significant.	When	comparing	three	or	more	groups	or	time	

points,	 a	post‐hoc	 analysis	 is	 required	 to	decrease	 the	 risk	of	making	 type	1	errors	

(rejecting	 the	 null	 hypothesis	 when	 it	 is	 true).	 These	 are	 conservative,	 and	 thus	

increase	the	risk	of	making	type	2	errors	(failure	to	reject	the	null‐hypothesis	when	it	

is	false),	especially	when	the	means	are	positively	correlated.	

In	paper	1,	parametric	statistics	were	used,	and	in	the	bacteria‐induced	readouts	only	

the	inhibitors	of	interest	were	compared	to	decrease	the	risk	of	type‐2	errors.	In	paper	

2,	non‐parametric	statistics	were	used	as	the	results	in	particular	of	the	endothelial	cell	

activation	markers	did	not	show	a	normal	distribution	and	were	better	presented	with	

the	median	than	the	mean.	In	paper	3,	both	parametric	and	non‐parametric	statistics	

were	 included.	 Parametric	 analyses	 are	 used	 for	 normally	 distributed	 data	 and	

compare	the	group	means,	however	with	small	sample	sizes	the	distribution	pattern	
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can	be	difficult	to	evaluate.	Non‐parametric	analyses	compare	the	group	medians	and	

typically	have	less	power	than	parametric	statistics,	but	are	recommended	for	small	

sample	sizes.	There	might	not	always	be	a	clear	answer	to	which	method	to	choose.	

The	sample	size	in	the	in	vitro	and	in	vivo	experiments	results	from	limited	amounts	of	

unique	 reagents	and	 from	 the	animal	 ethical	perspective	 stating	 that	 efforts	 should	

focus	on	reducing	the	number	of	animals	down	to	a	minimum,	however	still	including	

enough	to	be	able	to	draw	conclusions	from	the	study.	A	power	analysis	was	conducted	

before	 the	 in	 vivo	 experiments	 in	 paper	 3	 to	 calculate	 the	 minimum	 sample	 size	

required	 to	 likely	 detect	 a	 possible	 effect	 of	 the	 intervention.	 This	 power	 analysis	

concluded	with	a	sample	size	of	six	animals	in	each	group,	however,	we	increased	the	

group	size	to	eight	to	include	a	margin.	
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4	Summary	of	the	main	results	

Paper	 1:	 Combined	 inhibition	 of	 complement	 and	 CD14	 attenuates	 bacteria‐

induced	inflammation	in	human	whole	blood	more	efficiently	than	antagonizing	

the	Toll‐like	receptor	4‐MD2	complex	

The	aim	of	this	study	was	to	investigate	the	effect	of	single	TLR4‐MD2	inhibition	by	

using	eritoran,	compared	with	the	effect	of	CD14	inhibition	alone	and	combined	with	

the	C3	complement	inhibitor	compstatin	(Cp40),	on	Gram‐negative	and	Gram‐positive	

bacteria‐induced	inflammatory	response	in	human	whole	blood.		

We	 found	 that	 ultrapure	 LPS‐induced	 cytokines	 (TNF,	 IL‐1β,	 IL‐6	 and	 IL‐8)	 and	

monocyte	activation	markers	 (CD11b	and	CD35)	were	efficiently	abolished	by	both	

anti‐CD14	 and	 eritoran.	 Further,	 when	 including	 whole	 bacteria,	 we	 found	 that	

although	anti‐CD14	and	eritoran	were	equally	effective	in	attenuating	E.	coli‐induced	

cytokine	response,	anti‐CD14	was	more	effective	than	eritoran	in	attenuating	E.	coli‐

induced	upregulation	of	the	monocyte	activation	markers	and	neither	showed	effect	in	

attenuating	S.	aureus‐induced	cytokine	response	or	leukocyte	activation	markers.	The	

addition	of	C3	inhibition	was	required	to	attenuate	S.	aureus‐induced	inflammation	and	

combining	 C3	 inhibition	 with	 anti‐CD14	 was	 significantly	 more	 effective	 than	

combining	 C3	 inhibition	 with	 eritoran	 in	 reducing	 monocyte	 activation	 markers	

induced	by	both	E.	coli	and	S.	aureus.		

In	 conclusion,	 this	 study	 showed	 that	 whole	 Gram‐negative	 and	 Gram‐positive	

bacteria‐induced	 inflammation	was	 inhibited	more	 efficiently	by	 anti‐CD14	 than	by	

eritoran,	particularly	when	combined	with	complement	inhibition.		

	

Paper	2:	Human	endothelial	cell	activation	by	Escherichia	coli	and	Staphylococcus	

aureus	is	mediated	by	TNF	and	IL‐1β	secondarily	to	activation	of	C5	and	CD14	in	

whole	blood	

The	aim	of	this	study	was	to	examine	the	relative	importance	of	upstream	complement	

and	 TLR/CD14‐systems,	 and	 downstream	 mediators	 in	 Gram‐negative	 and	 Gram‐
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positive	 bacteria‐induced	 endothelial	 cell	 activation	 in	 a	 human	 model,	 using	

endothelial	cells	incubated	with	whole	blood.		

The	endothelial	cells	were	minimally	activated,	assessed	by	the	activation	markers	E‐

selectin	and	 ICAM‐1,	when	 incubated	with	bacteria	 in	 serum,	whereas	a	 substantial	

activation	 was	 seen	 when	 incubated	 with	 bacteria	 in	 whole	 blood.	 E.	 coli‐induced	

activation	was	 largely	 CD14‐dependent,	whereas	 S.	aureus	mainly	 caused	 a	 C5aR1‐

mediated	response.	Combined	CD14	and	C5	inhibition	reduced	E‐selectin	and	ICAM‐1	

expression	efficiently	for	both	E.	coli	and	S.	aureus.	Finally,	endothelial	cell	activation	

by	both	bacteria	was	completely	abolished	by	combined	inhibition	of	TNF	and	IL‐1β.		

In	 conclusion,	 E.	 coli	 and	 S.	 aureus	 activated	 endothelial	 cells	 in	 a	 CD14‐	 and	 C5‐

dependent	manner,	respectively,	with	subsequent	leukocyte	secretion	of	TNF	and	IL‐

1β	mediating	the	effect.	A	combined	inhibitory	approach	upstream	(complement	C5	

and	 CD14	 inhibition)	 or	 downstream	 (TNF	 and	 IL‐1β	 inhibition)	 could	 efficiently	

attenuate	endothelial	cell	activation	for	both	bacteria.	

	

Paper	3:	Complement	factor	5	blockade	reduces	porcine	myocardial	infarction	

size	and	improves	immediate	cardiac	function	

The	aim	of	this	study	was	to	examine	the	effect	of	 inhibiting	complement	activation	

before	reperfusion	in	a	porcine	model	of	myocardial	ischemia‐reperfusion	injury	when	

assessing	the	final	myocardial	infarction	size	and	myocardial	function.	We	used	the	C5	

inhibitor	 coversin	 which	 cross	 reacts	 with	 porcine	 C5,	 and	 in	 addition	 binds	

leukotriene	B4.		

In	20	kg	pigs,	the	left	anterior	descending	coronary	artery	was	occluded	for	40	min	and	

subsequently	reperfused	for	240	min.	Coversin	or	placebo	was	infused	20	min	after	

occlusion	and	throughout	reperfusion	in	16	blindly	randomized	pigs.	Coversin	ablated	

plasma	 C5	 activation	 throughout	 the	 reperfusion	 period	 and	 abolished	myocardial	

C5b‐9	 deposition,	 while	 neither	 plasma	 nor	 myocardial	 LTB4	 were	 significantly	

reduced.		
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We	found	that	coversin	reduced	myocardial	infarction	in	the	area	at	risk	assessed	by	

TTC	 staining	 and	 by	 using	 magnetic	 resonance	 imaging.	 Tissue	 Doppler	

echocardiography	 showed	 increased	 systolic	 displacement	 and	 increased	 systolic	

velocity	in	coversin	treated	pigs,	implying	improved	cardiac	function.	Myocardial	IL‐

1β	and	E‐selectin	expression	were	reduced	in	the	non‐infarcted	area	at	risk	by	coversin	

treatment.		

In	conclusion,	coversin	reduced	the	size	of	infarction,	improved	ventricular	function,	

and	 attenuated	 local	 inflammatory	 markers	 in	 this	 porcine	 myocardial	 ischemia‐

reperfusion	model.		

	

Paper	 4:	 Eculizumab	 before	 caesarean	 section	 in	 severe	 antiphospholipid	

syndrome	‐	effects	on	mother	and	infant	

The	aim	of	this	study	was	to	assess	the	effect	of	complement	inhibition	in	a	pregnant	

patient	 with	 severe	 antiphospholipid	 syndrome	 prophylactically	 treated	 with	

eculizumab,	and	further	assess	the	effects	on	the	premature	new‐born	infant.		

We	 found	 that	 complement	 activity	 recovered	 considerably	 faster	 after	 eculizumab	

administration	in	the	patient	than	anticipated.	Furthermore,	we	carefully	investigated	

the	preterm	new‐born	by	blood	sampling	from	the	umbilical	vein	and	artery,	and	from	

the	 new‐born	 venous	 blood	 after	 delivery.	 Complement	 activity	 measured	 by	 a	

commercial	available	ELISA	was	completely	abrogated	in	the	infant	samples,	however	

several	complement	components	were	low	in	this	infant	born	in	gestational	week	33.	

Eculizumab‐C5	complexes	in	the	infant	showed	0.3%	of	the	concentration	detected	in	

the	mother,	consistent	with	negligible	placental	passage	of	eculizumab.		

In	 conclusion,	merely	 trace	 amounts	 of	 eculizumab	 passed	 the	 placental	 barrier	 in	

gestational	week	33	and	eculizumab	might	be	a	safe	candidate	treatment	option	for	

antiphospholipid	 syndrome	 during	 pregnancy	 and	 delivery.	 We	 underscore	 the	

importance	 of	 close	 monitoring	 of	 complement	 inhibition	 in	 patients	 receiving	

eculizumab,	 and	 individualizing	 dosage	 regimens.	 Further,	 we	 documented	 that	

traditional	functional	complement	activity	tests	cannot	assess	the	effect	of	eculizumab	

in	premature	infants	due	to	the	very	low	levels	of	complement	factors.		
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5	Discussion	

In	this	thesis,	we	have	studied	how	important	pathways	of	innate	immunity	contribute	

to	the	acute	inflammatory	processes	in	models	of	infectious	and	sterile	inflammation.	

Based	on	the	increasing	evidence	of	substantial	cross	talk	and	redundancy	of	the	innate	

immune	 response,	 we	 have	 hypothesised	 that	 merely	 inhibiting	 one	 single	

downstream	 mediator	 or	 pathway	 cannot	 substantially	 attenuate	 the	 massive	

response	in	an	acute,	systemic	activation	state	like	sepsis	(120).	In	contrast,	blocking	

upstream	bottleneck	 targets	of	 the	 recognition	phase,	might	have	 the	propensity	 to	

more	efficiently	attenuate	the	innate	immune	response	in	settings	where	this	response	

is	 detrimental	 to	 the	 host	 (120).	 Given	 the	 danger	 theory	 stating	 that	 the	 innate	

immune	response	does	not	differentiate	between	exogenous	and	endogenous	origin,	

this	approach	might	also	be	fruitful	in	acute,	sterile	inflammation.		

	

5.1	Exogenous	versus	endogenous	activation	

Indeed,	the	response	to	exogenous	and	endogenous	stimuli	shows	clear	similarities,	as	

demonstrated	in	the	genomic	expression	patterns	of	leukocytes	from	human	patients	

suffering	 from	 trauma	 or	 burn	 injury	 or	 subjected	 to	 low‐dose	 bacterial	 endotoxin	

infusion	(121).		The	authors	show	how	these	three	different	inducers	of	inflammation	

resulted	 in	 an	 early	 “genomic	 storm”	 affecting	 >80	 %	 of	 leukocyte	 functions	 and	

pathways,	demonstrating	a	common	response	pattern	between	the	three	insults	which	

reflects	the	overlap	of	upstream	receptors	and	signalling	pathways	activated.	In	other	

words,	a	systemic	inflammatory	response	may	follow	the	same	patterns	of	activation,	

irrespective	of	an	exogenous	or	endogenous	trigger.	Exogenous	molecules	are	detected	

directly	 by	 the	 various	 pattern	 recognition	 molecules,	 however	 there	 is	 evidently	

cross‐talk	 between	 the	 host	microbiota	 and	 innate	 immunity	 enabling	 us	 to	 live	 in	

symbiosis	 with	 non‐pathogenic	 bacteria	 colonising	 a	 large	 part	 of	 our	 body	 (122).	

Endogenous	triggers	of	inflammation,	however,	must	undergo	alterations	(altered	self)	

to	 serve	 as	 DAMPs,	 be	 exposed	 or	 be	 released	 from	 an	 intracellular	 location	 to	 be	

“visible”	to	the	pattern	recognition	molecules.	As	already	mentioned,	complement	and	

TLRs	recognise	both	PAMPs	and	DAMPs	which	activate	the	same	pathways	leading	to	
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downstream	inflammation.	The	results	from	paper	1,	2	and	3	show	how	complement	

activation	 is	 implicated	 in	 both	 bacteria‐induced	 activation	 of	 whole	 blood,	 and	 in	

sterile	inflammation	in	a	myocardial	ischemia‐reperfusion	model,	and	importantly,	the	

potential	of	reducing	this	inflammatory	response	by	adding	inhibitors	of	complement	

activation.	 Paper	 1	 and	 2	 additionally	 show	how	 combining	 complement	 inhibition	

with	inhibitors	of	the	TLR‐CD14‐system	may	increase	the	inhibitory	effect.		

	

5.2	Models	and	human	disease	

There	is	a	large	leap	from	in	vitro	and	animal	in	vivo	model	systems	to	human	disease.	

In	 this	 thesis,	 I	have	used	 in	vitro	models	with	human	blood,	 also	 including	human	

endothelial	 cells	 to	 study	 bacteria‐induced	 inflammation	 in	 paper	 1	 and	 2.	 This	 is	

evidently	far	from	the	septic	patient	in	the	intensive	care	unit.	Similarly,	the	porcine	

myocardial	ischemia‐reperfusion	model	used	in	paper	3	cannot	elucidate	the	complex	

pathophysiology	 of	 an	 atherosclerotic	 myocardial	 infarction	 in	 man.	 An	 important	

question	is	thus	how	these	models	reflect	the	human	diseases	of	which	we	intend	to	

increase	our	knowledge	and	develop	new	treatment	strategies	 for.	 I	will	argue	that,	

given	the	obvious	limitations	discussed	later,	these	models	can	reveal	some	important	

points	regarding	human	inflammatory	disease	and	treatment	considerations.	Lastly,	I	

have	included	the	case	report	of	a	young	pregnant	woman	treated	with	eculizumab	to	

prevent	 a	 life‐threatening	 complement‐related	 complication	 to	 her	 underlying	

antiphospholipid	syndrome.	Although	no	definite	conclusions	can	be	drawn	regarding	

the	treatment	effect,	the	case	reveals	important	considerations	regarding	complement	

inhibition	 in	 the	 clinic	 and	 contributes	 to	 the	management	 approach	 of	 a	 rare,	 but	

devastating	disease.		

	

5.2.1	In	vitro	whole	blood	model	and	bacteria‐induced	inflammation	

The	whole	blood	model	enables	us	to	study	the	complement	system	and	cross	talk	with	

all	components	of	whole	blood	actively	present,	closely	resembling	the	physiological	

contents.	The	 thrombin	 inhibitor	 lepirudin	does	not	 interfere	with	 the	 complement	
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cascade,	in	contrast	to	heparin,	a	commonly	used	anticoagulant,	which	can	activate	and	

inhibit	 complement	 activation,	 depending	 on	 the	 concentration	 (123).	 Spontaneous	

background	activation	increases	by	time	in	this	system	due	to	reactions	with	the	plastic	

of	the	tubes	and	thus	limits	the	observations	time	in	the	model.	In	addition,	as	a	closed	

compartment	system	there	is	no	new	supply	of	mediators	or	cells	to	the	reaction	in	the	

tube.	 Still,	 the	 model	 can	 give	 us	 valuable	 information	 on	 the	 acute	 inflammatory	

process	in	whole	blood.	The	whole	blood	model	allows	us	to	investigate	and	compare	

different	activating	agents	on	the	acute	inflammatory	response	of	human	whole	blood.	

Although	 the	 exact	mechanism	behind	 the	 activation	might	 be	 difficult	 to	 reveal	 in	

detail,	by	adding	inhibitors	of	innate	immune	pathways,	we	can	study	the	effect	and	

redundancy	of	these	different	pathways.		

In	sepsis,	history	reveals	a	huge	challenge	in	translating	treatment	strategies	showing	

promise	in	the	laboratory,	to	effective	therapy	in	patients	(124,	125).	Administration	

of	LPS	(endotoxin)	to	animals,	and	even	human	volunteers	(126),	is	a	hallmark	of	the	

endotoxaemia	model	and	has	been	extensively	used	as	an	animal	sepsis	model.	This	

approach	induces	fever,	 increased	heart	rate	and	leucocytosis,	all	part	of	the	former	

sepsis	criteria,	and	release	of	pro‐inflammatory	mediators	including	TNF,	IL‐1β	and	IL‐

6,	however,	 increasingly	acknowledged	not	 to	reflect	the	pathophysiology	of	human	

sepsis	(125,	127).	Whole	bacteria	contain	a	diversity	of	PAMPs	that	will	bind	various	

pattern	recognition	molecules	of	the	human	innate	immune	system,	in	contrast	to	the	

pure	TLR4	agonist	LPS.	In	paper	1,	we	used	LPS	as	well	as	whole	Gram‐negative	and	

Gram‐positive	bacteria	 to	elucidate	whether	 the	combination	of	different	PAMPs	on	

whole	bacteria	affects	the	mode	of	activation	in	our	system	compared	to	LPS	alone.	The	

Gram‐negative	bacteria	E.	coli	contains	LPS	in	addition	to	other	PAMPs	which	activate	

both	 the	 TLR‐system	 and	 to	 a	 lesser	 degree	 complement	 (65).	 The	 Gram‐positive	

bacteria	S.	aureus	is	a	highly	effective	complement	activator	in	addition	to	activating	

certain	TLRs	(2	and	8)	(128).	All	three	activators	induced	monocyte	activation	and	a	

pro‐inflammatory	 cytokine	 response.	 Whole	 bacteria	 also	 induced	 granulocyte	

activation,	which	LPS	did	not	in	this	fixed	concentration.	Not	surprising,	LPS	activated	

whole	blood	in	a	purely	TLR4‐MD2‐manner,	while	whole	bacteria	showed	a	broader	

activation	pattern	including	complement	and	CD14‐dependent	pathways.		
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In	 sepsis	 research,	 inhibiting	 single	downstream	molecules	 like	TNF	and	 IL‐1β	was	

promising	based	on	preliminary	findings,	however,	clinical	trials	could	not	reproduce	

the	effect	(129,	130).	In	line	with	history,	also	the	TLR4‐MD2	antagonist	eritoran	failed	

in	a	phase	three	trial	of	sepsis	patients	(131).	We	added	eritoran	to	our	inhibitor	panel	

to	investigate	the	effect	of	inhibiting	this	single	TLR4‐MD2	pathway	compared	to	the	

effect	of	the	combined	inhibition	of	complement	and	CD14.	Our	results	reproduce	the	

efficacy	 of	 eritoran	 in	 abrogating	 LPS‐induced	 inflammation,	 and	 even	 effective	 in	

many	E.	coli‐induced	 inflammatory	readouts.	However,	eritoran	did	not	affect	 the	S.	

aureus‐induced	 inflammatory	 readouts.	 Consequently,	 we	 concluded	 that	 although	

eritoran	 is	 efficient	 in	 abrogating	 LPS‐induced	 inflammation,	 the	 effect	 fades	when	

activation	is	induced	by	whole	bacteria,	especially	Gram‐positive.	A	variety	of	microbes	

can	trigger	sepsis,	and	several	reports	describe	increasing	incidence	of	Gram‐positive	

and	polymicrobial	sepsis	(132).		Based	on	the	findings	from	paper	1,	one	could	expect	

that	the	effect	of	eritoran	would	be	more	pronounced	in	patient	with	Gram‐negative	

sepsis,	while	an	effect	in	Gram‐positive	sepsis	is	less	likely.	Importantly,	the	causative	

agent	 in	 sepsis	 is	 usually	 not	 known	 at	 the	 time	 of	 initiating	 treatment.	 This	

underscores	 the	 importance	 of	 targeting	 upstream	 and	 broad‐acting	 pattern	

recognition	systems	when	trying	to	abrogate	the	overwhelming	immune	dysregulation	

that	develops	in	these	patients.		

The	 findings	 from	paper	 1	 also	 underscore	 the	 importance	 of	 using	whole	 bacteria	

when	trying	to	dissect	the	acute	inflammatory	responses	to	a	bacterial	infection.	LPS	

could	not	reproduce	all	the	activating	properties	of	E.	coli,	thus	not	fully	representative	

of	Gram‐negative	inflammation.	We	used	heat	 inactivated	bacteria	 in	paper	1	and	2,	

thereby	 leaving	 out	 the	 colonizing	 and	 replicating	 aspect	 of	 bacterial	 infection.	

However,	in	this	closed	system	with	no	new	supply	of	mediators	and	cells,	close	to	all	

the	leukocytes	have	up‐regulated	CD11b	within	20	min,	thus	replication	and	further	

increase	of	the	bacteria	number	would	not	have	altered	the	main	findings.	In	addition,	

whole	 heat	 inactivated	 bacteria	 are	 equally	 potent	 activators	 of	 innate	 immune	

pathways	as	live	bacteria.	E.	coli	and	S.	aureus	are	the	leading	Gram‐negative	and	Gram‐

positive	causative	agents	in	bloodstream	infections,	and	thus	highly	relevant	species	

for	research	(133).	We	propose	the	whole	blood	model	as	a	readily	available	and	easy	
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tool	for	screening	and	evaluating	the	effect	of	innate	immune	modulators	on	different	

activating	agents.		

A	 limitation	 of	 the	whole	 blood	model	 is	 the	 absence	 in	 this	model	 of	 all	 the	 other	

cellular	systems	of	the	organism.	Endothelial	cells,	which	line	the	vasculature,	control	

the	 transport	 of	 blood	 borne	 leukocytes	 into	 the	 tissues	 and	 organs	 and	 are	

acknowledged	to	play	an	important	role	in	inflammation	(134).	Endothelial	activation	

and	 dysfunction	 is	 evident	 in	 sepsis,	 trauma‐induced	 systemic	 inflammation	 and	

ischemia‐reperfusion	 injury	 (135‐137).	 We	 therefore	 developed	 the	 whole	 blood	

model	further	to	also	include	endothelial	cells.	This	enabled	us	to	study	the	interactions	

between	whole	blood	and	endothelial	cells	as	well,	which	can	give	further	insight	into	

the	 effects	 of	 innate	 immune	modulation.	 HUVECs	 are	 primary	 cells	 acquired	 from	

fresh	umbilical	veins	of	new‐borns.	Although	not	fully	representative	for	all	the	diverse	

functions	of	endothelial	cells	in	general,	they	are	readily	available,	easy	to	culture	and	

have	 been	 extensively	 studied.	 Importantly,	 and	 in	 contrast	 to	 microvascular	

endothelial	cells,	HUVECs	do	not	display	AB0	antigens	and	matching	blood	donors	are	

therefore	not	a	prerequisite.	 In	paper	2,	we	showed	how	Gram‐negative	and	Gram‐

positive	 bacteria	 activate	 complement	 and	 TLR‐pathways	 in	 different	 manners,	

however	in	both	settings	leading	to	the	release	of	TNF	and	IL‐1β	from	leukocytes	which	

subsequently	 activate	 the	 endothelial	 cells.	 These	 results	 link	 the	 inflammatory	

process	in	whole	blood	to	endothelial	cell	activation.	Inhibition	of	the	two	downstream	

cytokines	efficiently	abrogated	endothelial	cell	activation,	as	did	upstream	inhibition	

with	anti‐CD14	and	eritoran	for	E.	coli	and	C5	and	C5aR1‐inhibition	for	S.	aureus.	 In	

contrast,	 complement	 inhibition	 alone	did	not	 affect	E.	 coli‐induced	 endothelial	 cell	

activation	 while	 CD14	 inhibition	 did	 not	 affect	 S.	 aureus‐induced	 activation,	 again	

underscoring	the	differential	recognition	by	PRMs	of	different	PAMPs.		

To	summarize	the	conclusions	from	paper	1	and	2,	targeting	single	pathways	or	single	

mediators	could	attenuate	some	responses	depending	on	what	activating	agent	was	

used.	 However,	 the	 immune	 response	 showed	 a	 clear	 redundancy	 where	 only	 a	

combined	inhibitory	approach	was	efficient	when	all	responses	by	both	Gram‐negative	

and	 Gram‐positive	 activation	 were	 viewed	 as	 a	 whole,	 especially	 combining	

complement	and	CD14	inhibition.	
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5.2.2	Porcine	in	vivo	model	and	ischemia‐reperfusion	injury	

The	step	up	from	 in	vitro	 to	 in	vivo	models	resolves	several	 limitations	of	the	whole	

blood	model,	now	including	the	presence	of	a	whole	organism	including	the	continuous	

production,	circulation	and	recruitment	of	inflammatory	cells	and	mediators.	The	pig	

as	a	model	animal	for	human	disease	has	several	advantages	compared	to	the	more	

readily	available	and	commonly	used	rodents.	The	size	of	the	animal	enables	us	to	use	

medical	instruments	developed	for	human	use,	the	anatomy	and	physiology	resembles	

that	of	humans	and	importantly	the	innate	immune	system	of	pigs	share	structural	and	

functional	similarities	with	humans	(138).	This	 is	pointed	out	 in	a	study	concluding	

that	the	porcine	immune	system	more	closely	resembles	humans	for	>80%	of	analysed	

parameters,	whereas	mice	were	more	similar	to	humans	in	<10%	(139).	However,	now	

in	a	non‐human	system,	the	inhibitors	used	must	cross	react	with	porcine	complement.	

Coversin	 is	 an	 equal	 efficient	C5	 inhibitor	 in	pigs	 and	humans	 (140),	 in	 contrast	 to	

eculizumab	which	is	highly	specific	to	human	C5	and	does	not	cross	react	with	C5	of	

other	species	(141).		

Our	group	has	previously	shown	how	combined	inhibition	of	C5	and	CD14	attenuates	

inflammation	and	hemodynamic	changes	 in	a	bacteria‐induced	sepsis	model	 in	pigs	

(142).	 Now,	we	wished	 to	 study	 the	 effect	 of	 complement	 inhibition	 in	 a	model	 of	

endogenous	 activation	 of	 innate	 immunity.	 The	 myocardial	 ischemia‐reperfusion	

model	represents	a	sterile	inflammatory	process	in	a	part	of	the	myocardium	which	in	

this	 setting	 is	 termed	 the	 area	 at	 risk.	 Animals	 receiving	 coversin	 infusion	 during	

ischemia	 and	 before	 reperfusion	 showed	 smaller	 infarct	 sizes	 and	 improved	

ventricular	function	compared	to	their	saline	controls.	Coversin	treatment	significantly	

reduced	 C5b‐9‐deposition,	 E‐selectin	 expression	 and	 IL‐1β	 in	 the	 area	 at	 risk,	

suggesting	an	effect	on	the	local	inflammatory	process	induced	by	reperfusion.	Results	

from	 a	 rat	 model	 of	 renal	 ischemia‐reperfusion	 points	 to	 C5b‐9	 as	 an	 important	

mediator	of	the	post‐ischemic	injury	(143).	However,	in	ischemia‐reperfusion	models	

of	other	organs	and	species,	an	important	role	of	C5a	is	demonstrated	(144,	145).	By	

targeting	C5,	both	effector	systems	are	blocked.	

In	addition	to	blocking	C5,	the	coversin	molecule	contains	an	internal	binding	pocket	

which	 captures	 leukotriene	 B4	 (146).	 Leukotrienes	 are	 important	 multifunctional	
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mediators	 of	 inflammation	 and	 promote	 neutrophil	 chemotaxis	(147). 

Interestingly,	inhibition	of	phospholipase	A2,	followed	by	accompanying	reduction	in	

LTB4,	reduced	infarction	size	and	improved	ventricular	function	in	a	preclinical	model	

of	myocardial	 IR	 injury	 (148).	 The	 plasma	 concentrations	 of	 LTB4	 showed	 a	 slight	

reduction	by	coversin	treatment,	however,	the	myocardial	LTB4	concentrations	were	

not	affected.	Consequently,	the	effect	of	LTB4‐capture	on	the	final	inflammation	and	

infarct	size	in	our	study	is	uncertain.	

Complement	 inhibition	 with	 the	 C5‐inhibitor	 pexelizumab	 during	 percutaneous	

coronary	 intervention	 (PCI)	 neither	 reduced	 myocardial	 infarction	 nor	 decreased	

mortality	 in	 the	clinical	phase	 three	APEX‐trial	 (149).	However,	 concerns	 regarding	

sufficient	 complement	 inhibition	 were	 raised	 retrospectively	 as	 C5b‐9	 values	

increased	similarly	in	treatment	and	placebo	groups	(150).	A	recent	review	of	animal	

models,	 preclinical	 and	 clinical	 trials	 of	 complement	 inhibition	 in	 acute	myocardial	

infarction	 underscores	 the	 importance	 of	 choosing	 suitable	 models	 including	 both	

ischemia	 and	 reperfusion,	 and	 selecting	 inhibitors	 which	 secure	 long	 enough	

therapeutic	inhibition		(104).	The	authors	conclude	that	the	complement	complement,	

despite	disappointing	clinical	trials,	still	is	a	promising	intervention	target.	

TLRs,	 in	particular	TLR2	and	4	have	also	been	studied	as	 contributors	 to	 ischemia‐

reperfusion	 injury	 (151,	 152).	 Further,	 based	 on	 evidence	 from	 bacteria‐induced	

inflammation,	 addition	of	CD14‐blockage	might	have	 the	propensity	 to	enhance	 the	

effect	of	complement	inhibition.	This	was	not	addressed	in	paper	3,	but	 is	clearly	of	

interest	for	further	research.	

A	 limitation	of	 this	model	 is	 the	short	observation	 time.	We	can	therefore	not	draw	

conclusions	of	the	long‐term	effects	of	the	complement	inhibition,	including	the	effect	

on	cardiac	remodelling.	However,	a	strength	of	the	model	design	is	that	drug	delivery	

was	timed	after	the	ischemic	event,	before	reperfusion,	mimicking	a	clinical	setting	in	

which	 the	 standard	 treatment	 of	 ST‐elevation	 myocardial	 infarctions	 (transmural	

infarctions),	 namely	 reperfusion	 by	 PCI,	 can	 be	 preceded	 by	 drug	 administration.	

Today,	these	patients	are	diagnosed	with	prehospital	electrocardiography	and	receive	

platelet	 inhibitors	 during	 the	 ambulance	 transport.	 This	 window	 is	 open	 for	

administering	additional	drugs	targeting	inflammation	before	in‐hospital	reperfusion.		
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Ischemia‐reperfusion	injury	is	evident	in	solid	organ	transplantation	and	is	shown	to	

increase	the	risk	of	reduced	organ	function	and	rejection	(153).	This	is	again	a	setting	

where	inhibition	of	innate	pathways	readily	can	be	translated	to	the	clinic,	either	by	

perfusing	 the	 ex	 vivo	 organ	 with	 inhibitors	 of	 local	 inflammation,	 or	 treating	 the	

recipient	prior	to	organ	implantation	or	both	(154).		

	

5.3	Complement	in	antiphospholipid	syndrome	

The	development	of	new	treatment	approaches	from	the	lab	bench	via	animal	models	

to	new	therapy	in	human	disease,	is	a	long	and	winding	road,	and	many	new	ideas	meet	

a	 definite	 stop	 before	 clinical	 use.	 There	 is	 no	 doubt	 that	 basic	 science	 is	 of	 great	

importance	 for	 the	 understanding	 of	 the	 immunologic	 physiology	 and	 the	

pathophysiology	 of	 immune	 disease.	 However,	 a	 different	 approach	 to	 find	 new	

therapeutic	strategies	is	to	investigate	the	effect	of	established	immune	modulators	in	

new	diseases	with	resembling	pathophysiology.	Eculizumab	was	established	for	PNH	

and	the	safety	of	the	drug	evaluated	(155).	In	aHUS,	a	thrombotic	microangiopathy	that	

predominantly	 affects	 the	 kidneys,	 dysfunctional	 complement	 regulation	 was	

determined	 to	 be	 an	 important	 underlying	 prerequisite	 for	 disease	 development.	

Accordingly,	eculizumab	proved	as	an	effective	treatment	approach	which	has	saved	

lives	in	a	disease	that	formerly	resulted	in	25	%	mortality	and	50	%	end	stage	renal	

disease	(85,	156).			

Catastrophic	antiphospholipid	syndrome	emerges	as	a	complement	related	disease,	

with	 systemic	 inflammation	 and	 thrombotic	 microangiopathy	 as	 hallmarks	 of	 the	

disease.	Although	the	link	to	complement	activation	has	not	been	proven	as	clear	as	in	

aHUS,	 complement	 inhibition	 has	 been	 suggested	 as	 a	 treatment	 option	 based	 on	

evidence	of	 complement	 system	contribution	 from	 in	vitro	 and	 in	vivo	 studies,	 and	

reports	 of	 effect	 from	 single	 cases	 (113).	 The	 crosstalk	 between	 complement	 and	

coagulation	 has	 been	 reported	 in	 several	 studies	 (157).	 Both	 cascade	 systems	 are	

based	on	serine	proteases	which	cleave	and	activate	the	next	step	of	the	cascade	while	

at	the	same	time	tightly	regulated.	Activated	products	of	one	system	can	even	cleave	

products	of	 the	other,	as	shown	for	 thrombin	cleavage	of	C5	and	MASP	cleavage	of	

fibrinogen,	 factor	 XIII	 and	 thrombin	 (158,	 159).	 	 Further,	 studies	have	 shown	how	
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tissue	 factor,	 the	 main	 activator	 of	 the	 extrinsic	 pathway	 of	 coagulation,	 can	 be	

upregulated	on	endothelial	cells	and	leukocytes	by	C5a	(160,	161).	The	anticoagulant	

heparin,	a	cornerstone	in	the	treatment	of	CAPS	and	the	only	treatment	which	is	shown	

to	 significantly	 improve	 prognosis	 (162),	 also	 regulates	 complement	 activation,	

suggesting	that	the	effect	of	heparin	might	also	by	related	to	the	complement	inhibiting	

properties	(163).	

In	 paper	 4,	 a	 young	 pregnant	woman	with	 severe	 antiphospholipid	 syndrome	was	

treated	with	eculizumab	to	safely	prolong	pregnancy	and	reduce	the	risk	of	developing	

catastrophic	antiphospholipid	syndrome	(CAPS)	in	conjunction	with	caesarean	section	

and	 puerperium.	 As	 a	 single	 case,	 the	 effect	 of	 eculizumab	 in	 preventing	 the	

development	of	CAPS	can	clearly	not	be	proven.	The	incidence	of	CAPS	is	low,	even	in	

high	risk	settings.	However,	the	case	reveals	how	complement	inhibition	might	evolve	

as	 a	 treatment	 option	 in	 clinical	 settings	 where	 complement	 is	 implied	 in	 the	

pathophysiology,	and	especially	administered	before	a	known	triggering	event.	

	

5.4	Modulation	of	innate	immune	pathways	–	future	perspectives	

5.4.1	Treatment	strategy		

The	treatment	strategy	clearly	depends	on	the	pathophysiology	of	the	disease.	To	what	

degree	the	complement	system	plays	an	important	part	in	the	pathophysiology	differs	

from	 disease	 to	 disease.	 PNH	 results	 from	 the	 lack	 of	 complement	 regulators	 on	

erythrocytes,	 resulting	 in	 complement	 dependent	 lysis	 –	 an	 example	 of	 a	 strictly	

complement	mediated	 disease.	 At	 the	 other	 end	 of	 the	 scale	 are	 the	 inflammatory	

responses	in	ischemia‐reperfusion	injury	and	sepsis	with	activation	of	a	broad	innate	

immune	 response.	 Consequently,	 the	mode	of	 therapy	would	 clearly	 differ	 in	 these	

different	situations.	The	results	 from	paper	1	and	2	show	how	combining	upstream	

inhibition	 of	 complement	 and	 CD14	 is	 more	 efficient	 in	 attenuating	 the	 complex	

inflammatory	 response,	 compared	 to	 inhibiting	 single	 pathways.	 It	 is	 tempting	 to	

suggest	that	this	broad	and	upstream	inhibitory	approach	could	be	beneficial	in	clinical	

settings	where	an	overwhelming	or	dysregulated	inflammatory	response	contributes	
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significantly	to	the	disease	pathophysiology,	at	least	if	administered	early	in	the	course	

of	disease.		

	

5.4.2	Targets	and	bottlenecks	

In	addition	to	determining	the	broadness	of	the	inhibitory	approach,	also	the	level	or	

target	 of	 inhibition	 is	 of	 importance.	 The	 longevity	 of	 the	 treatment	will	 obviously	

influence	the	inhibitory	target,	due	to	the	potential	side	effects	of	blocking	important	

pathways	of	innate	immunity.	In	the	complement	system,	C5a	and	C5b‐9,	as	described,	

mediate	 important	 effector	 functions	 in	 the	 inflammatory	 process.	 Independent	 of	

initiating	 pathway,	 inhibition	 of	 C3	 or	 C5,	 abrogates	 these	 effector	 functions.	

Consequently,	although	C3	and	C5	can	be	regarded	as	downstream	in	the	complement	

cascade,	 they	 are	 still	 upstream	 in	 the	 inflammatory	 process.	 Experience	 from	

eculizumab	now	approaching	a	decade	since	clinical	approval,	suggests	that	inhibition	

of	C5	even	long‐term	can	be	considered	safe,	given	Neisseria	prophylaxis	by	vaccination	

or	antibiotics.		

Two	concerns	are	raised	regarding	C3‐inhibition.	Firstly,	C3‐opsonisation	is	a	crucial	

step	 in	 microbe	 resistance	 and	 mounting	 B	 and	 T	 cell	 responses,	 evident	 by	 the	

increased	risk	of	infection	in	C3‐deficient	patients	(74).	Secondly,	there	is	evidence	of	

C5‐activation	bypassing	C3	with	direct	cleavage	of	C5	by	thrombin,	at	least	in	purified	

and	 plasma	 based	 systems	 as	well	 as	 in	 C3‐knockout	mice	 (159,	 164).	 The	 former	

concern	is	of	less	importance	when	considering	short	term	inhibition.	The	latter	might	

be	 merely	 a	 theoretical	 concern	 as	 the	 contribution	 of	 this	 C5‐activation	 mode	

currently	is	not	known	in	vivo	in	humans	(159).	As	the	anti‐inflammatory	properties	of	

C3a	are	 increasingly	acknowledged,	 this	may	be	an	additional	advantage	 in	keeping	

this	molecule	active.		

Recently,	a	concern	regarding	C5‐blockage	has	been	expressed,	namely	the	possibility	

of	 residual	 C5‐activity	 during	 strong	 complement	 activation	 despite	 C5‐inhibition	

(165).	The	authors	propose	a	mechanism	by	which	C5	bound	to	either	eculizumab	or	

coversin	can	be	recruited	to	C3b‐clusters	in	the	presence	of	high	densities	of	C3b,	and	
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subsequently	cleaved.	However,	in	the	presence	of	two	C5‐inhibitors,	or	a	regulator	of	

complement	activation	at	the	C3‐level,	this	mechanism	is	prevented.		

Currently,	 eculizumab	 is	 the	 only	 complement	 inhibitor	 available	 for	 clinical	 use.	

However,	 a	 wide	 range	 of	 complement	 therapeutics	 are	 currently	 being	 tested	 in	

preclinical	and	clinical	trials,	targeting	proteins	of	the	initiating	pathways,	convertases,	

C3,	C5	and	C5aR1	to	mention	some,	with	a	range	of	indications	(166).	New	inhibitors	

with	slightly	different	 targets	will	provide	better	opportunity	 to	 target	 complement	

inhibition	to	the	disease‐causing	step	of	the	cascade	in	the	wide	range	of	complement‐

mediated	 diseases.	 Still	 C3,	 and	 even	more	 C5,	 emerges	 as	 promising	 complement	

bottleneck	targets	in	acute	systemic	inflammation.	

	

	

Figure	2:	Dual	inhibition	of	complement	and	CD14		

As	previously	mentioned,	 the	TLR‐system	is	built	up	 in	a	different	manner	 than	the	

complement	 system	 and	 consists	 of	 a	 variety	 of	 receptors	 which	 activate	 different	

intracellular	signalling	pathways.	By	blocking	the	common	co‐receptor	CD14,	several	

TLRs	 are	blocked	 at	 the	 recognition	phase.	As	 evident	 from	paper	1,	 this	 results	 in	
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broader	inhibitory	potential	than	solely	inhibiting	one	TLR.	This	is	important	when	the	

inflammatory	process	is	induced	by	a	plethora	of	PAMPs	and	DAMPs,	which	have	the	

potency	to	activate	several	TLRs,	as	in	a	polymicrobial	infection.	As	already	mentioned,	

both	 TLR2	 and	 4	 are	 implied	 in	 ischemia‐reperfusion	 injury,	 and	 further	 research	

might	include	additional	TLRs.	Hence,	CD14	emerges	as	a	bottleneck	target	of	the	TLR‐

system.		

	

5.4.3	Timing	the	intervention	

One	 of	 the	 great	 challenges	 in	 developing	 new	 treatment	 strategies	 in	 sepsis,	 is	

providing	drugs	targeting	the	dysregulated	inflammatory	process	at	an	early	enough	

time	point.	This	aspect	 is	 somewhat	different	 in	 ischemia‐reperfusion	 injury,	where	

reperfusion	often	is	a	result	of	in‐hospital	treatment,	leaving	a	window	of	opportunity	

for	 inflammation‐targeted	 therapy	 open.	 As	 already	 discussed,	 both	 myocardial	

infarctions	 and	 solid	 organ	 transplantation	 are	 clinical	 settings	 with	 optimistic	

translational	 value,	 where	 inhibitors	 can	 be	 provided	 before	 reperfusion.	 In	 some	

conditions,	certain	events	can	trigger	the	development	of	a	pathologic	process.	CAPS	

triggered	by	surgery,	as	was	 feared	 in	 the	patient	 in	paper	4,	 is	a	setting	where	 the	

prophylactic	use	of	an	inhibitor	is	feasible.	The	inflammatory	process	can	be	attenuated	

by	administrating	inhibitors	later	in	the	time	course	of	the	inflammatory	reaction.	This	

was	shown	for	the	whole	blood	model	where	inhibitors	of	C3	and	CD14	were	added	5,	

15	or	30	minutes	after	the	activating	agent	E.	coli	(167).	This	post‐challenge	inhibition	

attenuated	the	cytokine	response	and	C5b‐9	levels.	Further,	the	sC5b‐9	levels	declined	

and	clinical	condition	improved	in	a	patient	with	CAPS	treated	with	eculizumab	(114).	

However,	preventing	the	pathologic	process,	when	possible,	is	even	more	appealing.	

	

5.4.4	Inhibitor	design	

An	extra	consideration	was	evident	 in	paper	4,	namely	how	the	 intervention	would	

affect	 the	 baby	 in	 a	 pregnant	 patient.	 As	 previously	 mentioned,	 complement	 is	

implicated	 in	 development,	 and	 simultaneous	 inhibition	 of	 the	 unborn	 baby’s	

complement	 system	was	not	desired.	 Some	evidence	already	exists	on	 the	 safety	of	
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eculizumab	 (168),	 and	 we	 showed	 in	 paper	 4	 that	 only	 trace	 amounts	 passed	 the	

placenta	in	gestational	week	33.	This	results	from	the	IgG2/4	chimer	construct	of	the	

drug,	which	reduces	the	binding	capacity	to	Fcγ‐receptors	(169).	Thus,	the	construct	

or	 design	 of	 the	 inhibitory	 agent	 is	 of	 importance	 when	 assessing	 the	 clinical	

application.	The	inhibiting	CD14‐antibody	used	in	paper	1	and	2	is	constructed	in	the	

same	 manner	 as	 eculizumab,	 with	 a	 IgG2/4	 chimer	 construct,	 consequently	 with	

similar	properties.	In	contrast,	coversin	as	used	in	paper	3,	is	a	small	peptide	of	16.8	

kDa.	This	peptide	is	therefore	cheaper	to	produce	in	large	scale,	but	has	a	short	plasma	

half‐life	if	not	bound	to	C5;	therefore,	the	drug	requires	frequent	dosing	to	maintain	

C5‐inhibition	 (170).	 A	modified	 version	 of	 coversin,	 PAS‐coversin,	 however,	 shows	

increased	non‐C5	bound	plasma	half‐life	(165).	Eculizumab	and	coversin	bind	C5	at	

different	sites.	This	difference	is	of	clinical	relevance	in	a	few	patients	with	mutations	

in	C5	which	prevents	binding	of	 eculizumab,	 and	 consequently	 are	 resistant	 to	 this	

drug	(171).	Here,	 coversin	or	other	C5	 inhibitors	 targeting	different	parts	of	 the	C5	

molecule	would	be	expected	to	be	effective.		

Another	factor	important	for	the	structure	of	the	inhibitor,	is	whether	the	complement	

activation	 intended	 to	 inhibit	 occurs	 systemically	 or	 locally.	 In	 paper	 3,	 the	

inflammatory	process	was	located	to	the	myocardium.	Consequently,	the	complement	

inhibitor	 must	 penetrate	 the	 tissue	 to	 act	 on	 any	 locally	 produced	 complement	

products.	Strategies	of	delivering	complement	inhibition	to	the	site	of	inflammation	are	

being	tested,	thereby	reducing	potential	side	effects.	This	includes	local	application	of	

complement	 inhibitors	 as	 intravitreal	 in	 the	 retinal	 disease	 age‐related	 macular	

degeneration	(172),	or	modifying	drugs	like	the	CR2‐FH	hybrid	TT30	or	mini‐factor	H.	

TT30	 is	 a	 fusion	 protein	 combining	 the	 iC3b/C3dg	 binding	 part	 of	 CR2	 with	 the	

complement	regulating	part	of	FH	(CCP	1‐5)	(173).	Mini‐factor	H	consists	of	CCP	1‐4	

and	 19‐20	 of	 factor	 H,	 keeping	 both	 the	 complement	 regulating	 part	 and	 the	

C3b/iC3b/C3dg	binding	part	 (174).	Both	constructs	enable	 the	drug	 to	 target	a	site	

with	 ongoing	 complement	 activation	 and	 at	 the	 same	 time	 regulate	 the	 alternative	

pathway	by	C3	convertase	decay	and	cofactor	activity	for	factor	I‐mediated	cleavage	of	

C4b	and	C3b	(175).	
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5.4.5	Monitoring	the	intervention	

A	major	 concern	 regarding	 the	disappointing	 clinical	 trials	 of	myocardial	 infarction	

where	 the	C5‐inhibitor	 pexelizumab	was	 administered	during	PCI,	was	 that	 sC5b‐9	

increased	 also	 in	 the	 intervention	 group.	 This	 suggests	 an	 incomplete	 blockage	 of	

complement	activation	and	thus	precludes	the	findings	of	the	study.	In	PNH‐patients	

treated	 with	 eculizumab,	 some	 patients	 experienced	 incomplete	 complement	

inhibition	 and	 breakthrough	 haemolysis	 requiring	 higher	 doses	 of	 eculizumab	 or	

shortened	dosing	intervals	(176).	In	paper	4,	we	surprisingly	found	that	the	patient’s	

complement	 activity	 recovered	 considerably	 faster	 than	 anticipated.	 These	

observations	underscore	the	importance	of	monitoring	complement	activity	in	in	vivo	

experimental	studies	and	in	clinical	trials	as	well	as	in	patient	treatment.	However,	as	

described	in	two	small	studies	of	patients	treated	with	eculizumab	for	complement‐

mediated	renal	diseases,	eculizumab	accumulation	is	evident	for	some	patients	(177,	

178).	 The	 current	 guidelines	 on	 eculizumab	 treatment	 instruct	 the	 same	 dosing	

regimen	 for	 all	 adults	 ≥	 18	 years	 of	 age.	 A	 registration	 of	 annual	 treatment	 costs	

revealed	 that	 eculizumab	 was	 the	 second	 most	 expensive	 treatment	 per	 year	 in	

Norway	in	2012	(179).	Consequently,	in	addition	to	risk	of	relapse	and	breakthrough	

symptoms	with	too	low	dosing	regimens	and	the	risk	of	side	effects	with	drug	over‐

exposure,	 there	 is	 also	 an	 economic	 incentive	 for	 individualizing	 dosing	 regimens,	

thereby	increasing	drug	intervals	or	reducing	the	dose	in	selected	patients.		

Several	 strategies	 are	 available	 for	 monitoring	 eculizumab	 treatment,	 including	

analysing	complement	function	by	the	classical	haemolytic	assays	(CH50	and	AH50)	or	

the	functional	complement	ELISA	(Wieslab	Complement	system	Screen	COMPL	300),	

monitoring	complement	activation	products	,	monitoring	excess	or	through	levels	of	

eculizumab	by	different	ELISA	assays	(177,	180,	181)	or	more	disease	specific	assays	

as	the	proposed	endothelial	cell‐based	C5b‐9	deposition	assay	to	monitor	complement	

activity	in	aHUS	patients	(182).	Importantly,	paper	4	revealed	how	complement	assays	

must	be	carefully	interpreted,	in	order	to	draw	the	correct	conclusions.	The	functional	

complement	activity	ELISA	demonstrated	less	than	1%	activity	in	all	pathways	in	the	

infant	serum.	However,	this	was	not	a	result	of	C5‐inhibition	by	eculizumab,	but	low	

levels	of	 several	 complement	 factors	 in	 the	premature	 infant.	There	 is	 still	no	 clear	

consensus	 on	 the	 ideal	 monitoring	 strategy	 for	 eculizumab	 treatment	 in	 different	
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diseases.	However,	aiming	on	individualized	therapy	taken	into	account	the	individual	

patient	characteristics,	the	ongoing	or	threatening	disease	process	and	optimising	the	

drug	 target,	 dosing	 and	 monitoring,	 complement	 therapy	 could	 be	 increasingly	

valuable	for	a	larger	number	of	patients	in	the	future.		
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6	Conclusion		

Complement	 activation	 obviously	 contributes	 to	 the	 inflammatory	 processes	 in	

infectious	and	sterile	inflammation,	which	is	can	be	detrimental	when	the	activation	is	

overwhelming	or	dysregulated.	The	contribution	of	complement	varies	according	to	

the	disease	process	and	there	is	a	substantial	cross	talk	and	redundancy	in	the	innate	

immune	 system,	 especially	 between	 complement	 and	 TLRs.	 This	 implies	 that	 a	

combined	inhibitory	strategy	might	be	superior	to	that	of	inhibiting	selective	pathways	

when	 a	 broad	 range	 of	 PAMPs	 and	 DAMPs	 are	 responsible	 for	 the	 induction	 of	

inflammation.	 The	 timing	 of	 inhibition	 i.e.	 before	 versus	 after	 the	 insult	 can	 be	 of	

importance	regarding	the	potential	effect.	In	some	clinical	settings	there	is	a	window	

of	 opportunity	 where	 inhibitors	 targeting	 innate	 immune	 pathways	 might	 be	

administered	before	the	event	i.e.	before	reperfusion	in	myocardial	infarction	and	solid	

organ	 transplantations	 and	 before	 triggering	 events	 of	 CAPS	 in	 patients	 with	

antiphospholipid	syndrome.	Monitoring	the	effect	of	complement	inhibition	is	crucial,	

to	prevent	residual	complement	activation	which	might	hamper	the	treatment	effect.	
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Combined Inhibition of Complement and CD14
Attenuates Bacteria-Induced Inflammation in Human
Whole BloodMore Efficiently Than Antagonizing the Toll-
like Receptor 4–MD2 Complex
Alice Gustavsen,1,3,a Stig Nymo,1,3,4,5,6,a Anne Landsem,4,5,6 Dorte Christiansen,4 Liv Ryan,7 Harald Husebye,7 Corinna Lau,4 Søren E. Pischke,1,2,3

John D. Lambris,8 Terje Espevik,7 and Tom E. Mollnes1,3,4,5,6,7

1Department of Immunology, and 2Intervention Center and Clinic for Emergencies and Critical Care, Oslo University Hospital, 3K. G. Jebsen IRC, University of Oslo, 4Research Laboratory, Nordland
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Background. Single inhibition of the Toll-like receptor 4 (TLR4)–MD2 complex failed in treatment of sepsis. CD14 is a core-
ceptor for several TLRs, including TLR4 and TLR2. The aim of this study was to investigate the effect of single TLR4-MD2 inhibition
by using eritoran, compared with the effect of CD14 inhibition alone and combined with the C3 complement inhibitor compstatin
(Cp40), on the bacteria-induced inflammatory response in human whole blood.

Methods. Cytokines were measured by multiplex technology, and leukocyte activation markers CD11b and CD35 were mea-
sured by flow cytometry.

Results. Lipopolysaccharide (LPS)–induced inflammatory markers were efficiently abolished by both anti-CD14 and eritoran.
Anti-CD14 was significantly more effective than eritoran in inhibiting LPS-binding to HEK-293E cells transfected with CD14 and
Escherichia coli–induced upregulation of monocyte activation markers (P < .01). Combining Cp40 with anti-CD14 was significantly
more effective than combining Cp40 with eritoran in reducing E. coli–induced interleukin 6 (P < .05) and monocyte activation mark-
ers induced by both E. coli (P < .001) and Staphylococcus aureus (P < .01). Combining CP40 with anti-CD14 was more efficient than
eritoran alone for 18 of 20 bacteria-induced inflammatory responses (mean P < .0001).

Conclusions. Whole bacteria–induced inflammation was inhibited more efficiently by anti-CD14 than by eritoran, particularly
when combined with complement inhibition. Combined CD14 and complement inhibition may prove a promising treatment strat-
egy for bacterial sepsis.

Keywords. sepsis; complement; CD14; eritoran; treatment; TLR.

Sepsis is a severe and life-threatening systemic inflammatory re-
sponse to an infection. Despite extensive treatment with antibi-
otics and supportive therapy, morbidity and mortality due to
sepsis remain high. Escherichia coli is the leading gram-negative
bacterial cause of sepsis and Staphylococcus aureus is the most
frequently observed gram-positive bacterial cause, with the lat-
ter showing increasing incidence [1, 2]. However, the causative
agent is often unknown at the time of diagnosis and initiation of
treatment.

The current hypothesis is that the initial infection triggers
proinflammatory and antiinflammatory responses by the im-
mune system and, subsequently, may severely disturb this nor-
mally finely regulated system, leading to tissue damage, organ
failure, and ultimately death [3]. This detrimental, uncontrolled
activation might be attenuated by manipulating the inflamma-
tory process as an adjunct to antimicrobial treatment. A tempt-
ing strategy is to manipulate the early stages of inflammation by
targeting upstream recognition of pathogen-associated molecu-
lar patterns and damage-associated molecular patterns.

The complement system provides an important first-line de-
fense for protecting the body against pathogens. Recognition of
pathogens by any of the 3 initial pathways (the classical, lectin,
and alternative pathways) leads to the activation of C3 and C5,
generating C3 fragments for opsonization of bacteria and the
anaphylatoxins C3a and C5a, with a range of effector functions.
Finally, the terminal C5b-9 complex is assembled, which can
lyse bacterial membranes, especially Neisseria species. Most
bacteria are, however, killed by complement via opsonization
of C3 fragments and subsequent phagocytosis.
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Toll-like receptors (TLRs) induce responses through the acti-
vation of specific intracellular signaling pathways [4]. TLR4 and
TLR2 are the most studied receptors, with TLR4 being the key
receptor for lipopolysaccharide (LPS) from gram-negative bac-
teria and TLR2 detecting lipoproteins from gram-positive bac-
teria. CD14 serves as a coreceptor for TLR4, where it presents
the LPS molecule to the LPS-binding site on the TLR4-MD2
complex [5]. CD14 has also been shown to interact with other
TLRs, including TLR2, TLR3, TLR7, and TLR9 [6–8]. Recently,
we produced a recombinant version of the neutralizing mono-
clonal mouse anti-human CD14 antibody 18D11 [9]. This an-
tibody is endowed with a human immunoglobulin G2/4 (IgG2/
4) hybrid heavy chain and is thus inert with respect to the major
IgG effector functions (ie, complement activation and Fcγ-
receptor binding) and therefore does not deplete leukocytes.

Eritoran is a synthetic lipid A analogue that binds to the LPS
binding site on MD2 and prevents further signaling via the
TLR4-MD2 complex. Recent reports suggest that eritoran also
binds directly to CD14 and might partly inhibit the LPS-CD14
interaction [10]. Although eritoran effectively inhibits LPS-
induced inflammatory responses, no reduction in 28-day mor-
tality was achieved in a phase 3 study, in which eritoran was ad-
ministered as an adjunct to standard sepsis treatment [11].

Combined inhibition with a neutralizing CD14 antibody and
a complement inhibitor is effective in attenuating the inflamma-
tory process by inhibiting cytokine release and expression of ac-
tivation markers on leukocytes to a greater extent than single
inhibition with either agent alone [12–14]. Murine and porcine
in vivo sepsis models have demonstrated this strategy to be su-
perior to single inhibition with either of the inhibitors alone,
with respect to both attenuation of the inflammatory response
and increased survival [15–17].

The aim of the present study was to elucidate the differential
effects of eritoran and anti-CD14, alone and in combination
with a complement inhibitor, on the inflammatory process in-
duced by LPS, gram-negative bacteria, and gram-positive
bacteria.

MATERIALS AND METHODS

Equipment and Reagents
Endotoxin-free Cryo tubes were purchased fromNunc (Roskilde,
Denmark). Ethylenediaminetetraacetic acid (EDTA), parafor-
maldehyde, and sterile phosphate-buffered saline (PBS) were
purchased from Sigma-Aldrich (St. Louis, Missouri). Lepirudin
(Refludan) was purchased from Celgene (Marburg, Germany).
Dimethyl sulfoxide and Alexa Fluor 488 were obtained from
Invitrogen Molecular Probes (Eugene, Oregon). Anti-CD11b-
PE (clone D12), anti-CD35-FITC (clone E11), anti-CD45-
PerCP (clone 2D1), anti-CD14-PerCP, and anti-CD14-PE
(clone MϕP9) and the isotype controls PE-mouse IgG2a (clone
X59) and FITC-mouse IgG1k (clone MOPC-21) were obtained
from Becton, Dickinson, and Company (San Jose, California).

Inhibitors
The C3-inhibitor compstatin analogue Cp40 (D-Tyr-Ile-[Cys-
Val-1MeTrp-Gln-Asp-Trp-Sar-Ala-His-Arg-Cys]-meIle) and
the control peptide (Sar-Sar-Trp[Me]-Ala-Ala-Asp-Ile-His-
Val-Gln-Arg-mIle-Trp-Ala-NH2) were produced in the lab of
one of the authors (J. D. L.), as previously described [18]. Eri-
toran (E5564) was kindly provided by Eisai (Andover, Massa-
chusetts). Recombinant anti-human CD14 IgG2/4 antibody
(r18D11) and an IgG2/4 isotype control antibody were pro-
duced in our laboratory as previously described [9].

LPS and Bacteria
Ultrapure LPS from E. coli strain 0111:B4 (smooth type) was
purchased from InvivoGen (San Diego, California) and Cy5-la-
belled for the human embryonic kidney (HEK) 293E cell–based
experiments as described previously [19]. E. coli strain LE392
with smooth LPS (ATCC 33572) and S. aureus Cowan strain
1 (ATCC 12598) were obtained from American Type Culture
Collection (ATCC; Manassas, Virginia). The bacteria were inac-
tivated by heat and counted by flow cytometry as previously de-
scribed [12, 14].

HEK-293E Cell–Based Experiments
HEK-293E cells do not express CD14, TLR4, or MD2 and were
transfected with human CD14, using GeneJuice transfection
reagent (Novagene, Darmstadt, Germany). The cells were prein-
cubated for 5 minutes with increasing doses of anti-CD14 (0.007,
0.07, and 0.7 μM), eritoran (0.1, 1, and 10 μM), or an IgG2/4 iso-
type control antibody (0.007, 0.07, and 0.7 μM) before addition
of Cy5-labeled LPS (500 ng/mL). Cy5-LPS binding to CD14 was
measured by flow cytometry after 1 hour of incubation (37°C).
The samples were washed in cold PBS twice and detached in
Accutase solution (Sigma) before the addition of 2% fetal calf
serum in PBS. The cell pellets were harvested by centrifugation
(at 470g for 5 minutes) and resuspended in PBS before analysis
on a BD LSR II flow cytometer. Data analysis was performed with
FlowJo software (Ashland, Oregon). Results are given as mean
fluorescence intensity.

Whole-Blood Model of Inflammation
The whole-blood model is an in vitro system for studying in-
flammation activity and has been described in detail previously
[20]. Briefly, blood specimens were collected from healthy vol-
unteers (both sexes were evaluated, with an age range of 30 to
58 years) and anticoagulated with the thrombin inhibitor lepir-
udin (50 μg/mL). Blood specimens were preincubated with the
inhibitors compstatin Cp40 (20 μM), anti-CD14 (0.1 μM), eri-
toran (1 μM), control peptide (20 μM), IgG2/4 isotype control
antibody (0.1 μM), or PBS in sterile polypropylene tubes for 5
minutes (37°C). The optimal inhibitor concentrations were deter-
mined in separate dose-response experiments (data not shown).
The concentration of eritoran was comparable to the plasma
concentration in a phase 2 clinical study [21], using a similar
dose as that in the ACCESS sepsis trial [11]. Subsequently,
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blood specimens were stimulated with LPS, E. coli, or S. aureus
at concentrations specified below and incubated with gentle ro-
tation (at 37°C) for the appropriate time, depending on which
inflammation markers were to be studied.

Cytokine Analysis
LPS (10 ng/mL), E. coli (1 × 106 bacteria/mL), or S. aureus
(1 × 107 bacteria/mL) were added, and samples were incubated
for 120 minutes. After incubation, EDTA was added (10 mM),
and the samples placed on ice and centrifuged (at 1800g for
15 minutes at 4°C); the resulting plasma was frozen (−70°C)
until further analyzed. Analyses of tumor necrosis factor
(TNF), interleukin 1β (IL-1β), interleukin 6 (IL-6), and inter-
leukin 8 (IL-8) were performed with Bio-Plex Pro technology
(Bio-Rad Laboratories, Hercules, California), using standard
procedures from the manufacturer.

Leukocyte Activation Markers CD11b and CD35
LPS (10 ng/mL), E. coli (1 × 107 bacteria/mL), or S. aureus
(1 × 108 bacteria/mL) were added, and samples were incubated
for 20 minutes. Cells were fixed with 0.5% paraformaldehyde
and incubated with anti-CD11b-PE and anti-CD35-FITC or
with isotype controls, in addition to anti-CD14-PerCP. Samples
were lysed, centrifuged (at 300g for 5 minutes at 4°C), and
analyzed on a FACSCalibur flow cytometer. Data analysis was
performed with FlowJo software. Monocytes and granulocytes
were gated by side scatter and CD14 expression. Results are
given as median fluorescence intensity.

Phagocytosis
As previously described, whole-blood specimens were incubat-
ed with a final concentration of Alexa Fluor 488–stained E. coli
(5 × 107 bacteria/mL) and S. aureus (1 × 108 bacteria/mL) for 15
minutes, and phagocytosis was assessed by Phagotest (Glyco-
tope Biotechnology, Heidelberg, Germany), according to kit in-
structions [20]. Monocytes and granulocytes were gated by side
scatter and CD14 expression. Results are given as mean fluores-
cence intensity.

Statistical Analysis
All statistical calculations were done in Prism 5 (GraphPad, San
Diego, California). A t test was used for the HEK-293E cell exper-
iments. All whole-blood experiments were repeated with 6 differ-
ent donors, unless otherwise stated. The LPS data were analyzed
by repeated measures 1-way analysis of variance (ANOVA) of all
3 groups (LPS positive control, anti-CD14, and eritoran), with
comparison of the latter 2 groups by post hoc Bonferroni correc-
tion for selected multiple testing. The E. coli and S. aureus data
were analyzed by repeatedmeasures 1-way ANOVA of the groups
of interest (anti-CD14, eritoran, anti-CD14 plus compstatin, and
eritoran plus compstatin). Comparisons of adjacent inhibitors
were estimated by post hoc Bonferroni correction for selected
multiple testing. A P value of <.05 was considered statistically
significant. Compstatin Cp40 alone was included in the test

panel to show the contribution of complement inhibition, but
it was not included in the statistical analysis [13].

Ethics
Informed written consent was obtained from each blood donor.
The local ethical committee approved the study.

RESULTS

LPS-Induced Responses
To demonstrate the inhibitory effects of eritoran and anti-CD14
on the LPS-induced inflammatory responses, inhibition of LPS-
induced cytokine release and upregulation of CD11b and CD35
on leukocytes were tested in human whole-blood specimens
(Figure 1). Both eritoran and anti-CD14 efficiently and signifi-
cantly inhibited LPS-induced release of TNF, IL-1β, IL-6, and
IL-8 (P < .01–P < .0001; Figure 1A). Eritoran showed equivalent
(for TNF, IL-1β, and IL-6) or significantly more-effective (for
IL-8) inhibition when compared to anti-CD14 (P < .05). Simi-
larly, both inhibitors significantly attenuated the LPS-induced
increase in monocyte expression of CD11b (96% and 90% re-
duction, respectively; P < .01) and CD35 (95% and 94% reduc-
tion, respectively; P < .05; Figure 1B). Granulocytes were not
activated under these conditions, as their LPS-responsiveness
is much lower than seen for monocytes [22].

To investigate the inhibitory effects of eritoran on LPS-binding
to CD14, HEK-293E cells transfected with human CD14 were
used. The cells were preincubated with increasing doses of eritor-
an or anti-CD14 prior to LPS stimulation. Both eritoran and anti-
CD14 inhibited LPS-binding to CD14 in a dose-dependent
manner (Figure 2). However, anti-CD14 was significantly more
effective (P < .05) when comparing concentrations sufficient to
inhibit LPS-induced inflammatory responses in the whole-
blood model (0.07 μM anti-CD14 and 1 μM eritoran).

The negative controls (IgG2/4 isotype control antibody and
control peptide) did not inhibit any of the LPS readouts (data
now shown).

E. coli–Induced Inflammatory Responses
To investigate the effects of eritoran alone, anti-CD14 alone, and
the combination of each with the C3 inhibitor compstatin Cp40
in a more complex model of inflammation, E. coli was used to
stimulate whole-blood specimens. Cytokine analysis showed
that inhibition with anti-CD14 alone or eritoran alone markedly
attenuated the release of TNF, IL-1β, IL-6, and IL-8, without sig-
nificant differences between the 2 inhibitors (Figure 3). The com-
bination of anti-CD14 and compstatin Cp40 inhibited the release
of all cytokines down to background levels. For IL-6, this combi-
nation was significantly more efficient than the combination of
eritoran and compstatin Cp40 (P < .05).

Inhibition with anti-CD14 alone reduced the E. coli–induced
upregulation of monocyte CD11b and CD35 by 82% and 83%,
respectively, and was significantly more effective than inhibition
with eritoran alone (33% reduction [P < .001] and 25%
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reduction [P < .01], respectively; Figure 4). The combination of
anti-CD14 and compstatin Cp40 reduced levels of both recep-
tors to background levels, significantly more efficient than the
combination of eritoran and compstatin Cp40 (45% and 34%
reductions, respectively; P < .01). In contrast to monocytes, up-
regulation of granulocyte CD11b and CD35 was complement

dependent (86% and 83% reductions by compstatin Cp40, re-
spectively) and only moderately affected by inhibition with
anti-CD14 alone (40% and 30% reductions, respectively) or eri-
toran alone (28% and 15% reductions, respectively; Figure 4).
The combined treatments reduced the upregulation of both re-
ceptors down to background levels.

Figure 1. Effects of anti-CD14 and eritoran on lipopolysaccharide (LPS)–induced inflammation markers in human whole-blood specimens. A, Tumor necrosis factor (TNF),
interleukin 1β (IL-1β), interleukin 6 (IL-6), and interleukin 8 (IL-8) release in response to incubating human whole-blood specimens with ultrapure LPS (10 ng/mL) for 120 minutes
after preincubation with phosphate-buffered saline (PBS), anti-CD14, or eritoran. B, CD11b and CD35 expression on monocytes in response to stimulation of human whole-blood
specimens with ultrapure LPS for 20 minutes after preincubation with PBS, anti-CD14, or eritoran. Data are presented as box plots, with upper and lower limits of the boxes
representing interquartile ranges, whiskers representing and 10th and 90th percentiles, horizontal lines within boxes representing median values, and vertical lines within
boxes representing mean values; data are from 6 independent experiments, using 6 different donors. Statistical significance was estimated by using repeated measures 1-way
analysis of variance (top line), and comparison between anti-CD14 and eritoran was estimated by post-hoc Bonferroni correction for selected multiple testing (closed line).
*P < .05, **P < .01, ***P < .001, and ****P < .0001. Abbreviations: MFI, median fluorescence intensity; NS, nonsignificant.
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Figure 2. Effects of anti-CD14 and eritoran on lipopolysaccharide (LPS)–binding to membrane-bound CD14. A, Human embryonic kidney 293E cells transfected with human
CD14 were incubated with Cy5-labeled LPS after preincubation with increasing doses of anti-CD14 (aCD14), eritoran, or a control antibody. Data are shown as mean fluores-
cence intensity (MFI) and presented as mean ± standard error of the mean of 3 experiments. Statistical significance was estimated by a parametric t test between anti-CD14
0.07 μM and eritoran 1 μM data. *P < .05. B, Flow cytometry histograms showing data from one of the 3 virtually identical experiments presented in panel A.
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The negative controls did not inhibit any of the E. coli–
induced inflammatory readouts (data not shown).

S. aureus–Induced Inflammatory Responses
We next investigated whether eritoran alone, anti-CD14 alone,
and the combination of each with the complement inhibitor
Cp40 would have similar effects in a model involving gram-
positive induction of inflammation. S. aureus was used in the
same experimental design as described above for E. coli.

Cytokine analysis showed that inhibition of TNF, IL-1β, IL-6,
and IL-8 was dependent on complement to a greater extent for
S. aureus than for E. coli. The attenuating effect of single inhi-
bition with anti-CD14 or eritoran was minimal, without signifi-
cant differences between the 2 inhibitors (Figure 5). The
combination of anti-CD14 and compstatin Cp40 reduced the
cytokine release by 60%–75%, also showing a tendency of stron-
ger attenuation than the combination of eritoran and compsta-
tin Cp40, although these differences did not reach statistical
significance.

Upregulation of monocyte CD11b and CD35 by S. aureus
was reduced significantly more by the combination of anti-
CD14 and compstatin Cp40 (70% and 75%, respectively) than
by the combination of eritoran and compstatin Cp40 (47% and
34% reduction, respectively; P < .01; Figure 6). Inhibition with
either anti-CD14 alone or eritoran alone showed no inhibitory
effect. Upregulation of granulocyte CD11b and CD35 was
mainly complement dependent and reduced by 92% and 78%,
respectively, by compstatin Cp40 alone (Figure 6). No further
effect was seen by the combined treatments, and again, single
inhibition with either anti-CD14 or eritoran showed no inhib-
itory effect.

The negative controls did not inhibit any of the S. aureus–
induced inflammatory readouts (data not shown).

Bacterial Phagocytosis
E. coli

Monocyte phagocytosis of E. coli was reduced by 24% by in-
hibition with anti-CD14 alone and was significantly more

Figure 3. Inhibition of Escherichia coli–induced cytokine release in human whole blood. Tumor necrosis factor (TNF), interleukin 1β (IL-1β), interleukin 6 (IL-6), and interleukin
8 (IL-8) release in response to incubating human whole-blood specimens with heat-inactivated E. coli (1 × 106 bacteria/mL) for 120 minutes after preincubation with phosphate-
buffered saline (PBS), compstatin (Cp40), anti-CD14, eritoran, anti-CD14 plus compstatin, or eritoran plus compstatin. Data are presented as box plots, with upper and lower
limits of the boxes representing interquartile ranges, whiskers representing and 10th and 90th percentiles, horizontal lines within boxes representing median values, and
vertical lines within boxes representing mean values; data are from 6 independent experiments, using 6 different donors. Statistical significance between the inhibitors of
interest was estimated by using repeated measures 1-way analysis of variance (top line), and comparison between adjacent inhibitors was estimated by post-hoc Bonferroni
correction for selected multiple testing (closed lines). *P < .05, **P < .01, ***P < .001, and ****P < .0001. Abbreviation: NS, nonsignificant.
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effective than inhibition with eritoran alone (no reduction;
P < .01; Figure 7A). The combination of anti-CD14 and comp-
statin Cp40 reduced the phagocytosis by 79%, which was not
significantly different from the combination of eritoran and
compstatin Cp40 (57% reduction). Granulocyte phagocytosis
was only minimally affected by inhibition with anti-CD14
alone or eritoran alone (11% and 6% reduction, respectively;
Figure 7A). The combination of anti-CD14 and compstatin
Cp40 reduced phagocytosis by 90%, similar to the combination
of eritoran and compstatin Cp40 (87% reduction).

S. aureus

Monocyte phagocytosis of S. aureus was complement depen-
dent (75% reduction by compstatin Cp40; Figure 7B). Single in-
hibition with anti-CD14 showed a 20% reduction and did not
significantly differ from eritoran (7% reduction). The combina-
tion of anti-CD14 and compstatin Cp40 (93% reduction)
showed a minor additional inhibitory effect, although not stat-
istical significant, compared to the combination of eritoran and
compstatin Cp40 (76% reduction). Granulocyte phagocytosis

was completely complement dependent, being reduced to back-
ground levels by compstatin Cp40 alone, without any effect of
single inhibition of anti-CD14 or eritoran (Figure 7B).

Eritoran Versus the Combined Inhibition of CD14 and Complement
Since eritoran was used to treat sepsis but failed, we compared
the effects of eritoran alone with that of combined anti-CD14
and complement inhibition, which we propose as an alternative
treatment approach [15, 17]. Noteworthy, for 18 of 20 readouts
reported for the bacteria-induced inflammatory responses (Fig-
ures 3–7), the combination of anti-CD14 and compstatin Cp40
was substantially more efficient than inhibition with eritoran
alone (P < .05–P < .0001; mean P < .0001).

DISCUSSION

In the present study, we have demonstrated that, although eri-
toran was an effective inhibitor of LPS-induced inflammation, it
showed no effect on E. coli–induced leukocyte activation mark-
ers or inflammation induced by S. aureus. Anti-CD14 showed a
broader inhibitory effect than eritoran, as it also efficiently

Figure 4. Inhibition of Escherichia coli–induced upregulation of CD11b and CD35 on monocytes and granulocytes in human whole-blood specimens. Upregulation of CD11b
and CD35 on monocytes and granulocytes in response to incubating human whole-blood specimens with heat-inactivated E. coli (1 × 107 bacteria/mL) for 20 minutes after
preincubation with phosphate-buffered saline (PBS), compstatin (Cp40), anti-CD14, eritoran, anti-CD14 plus compstatin, or eritoran plus compstatin. Data are shown as median
fluorescence intensity (MFI). Data presentation and statistics are as described in the legend to Figure 3. **P < .01, ***P < .001, and ****P < .0001. Abbreviation: NS,
nonsignificant.
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inhibited monocyte activation by E. coli. The addition of a com-
plement inhibitor was necessary to inhibit granulocyte activa-
tion and S. aureus inflammatory responses. The combined
inhibition of CD14 and complement was significantly more ef-
ficient than the combination of eritoran and complement inhi-
bition, especially in terms of monocyte activation.

In addition to blocking the TLR4-MD2 complex, eritoran has
also been reported to bind to soluble CD14, preventing further
ligand binding to MD2 [10]. We here show that even though
eritoran attenuated LPS-binding to membrane-bound CD14
dose dependently, anti-CD14 inhibited the LPS-binding much
more effectively.

Both anti-CD14 and eritoran showed efficient attenuating ef-
fects on E. coli–induced cytokine responses, in line with the
LPS-driven activation of TLR4. However, adding a complement
inhibitor increased the effect. Moreover, there was a trend indi-
cating that the combination of anti-CD14 and compstatin Cp40
was more effective than the combination of eritoran and comp-
statin Cp40, with the difference reaching significance for IL-6.
Eritoran had minimal effect on S. aureus–induced cytokine

responses. The different effects of eritoran on E. coli– and S. au-
reus–induced inflammation are not surprising, since S. aureus
does not contain LPS and is thought to activate the inflamma-
tory system mainly through TLRs other than TLR4, particularly
TLR2 and TLR8, and the complement system [14, 23–25]. The
addition of a complement inhibitor was necessary to efficiently
inhibit S. aureus–induced cytokine release.

Leukocyte activation is a hallmark of bacterial infection.
CD11b and CD35 have been shown to increase significantly
on monocytes and neutrophils in patients with bacterial infec-
tions and sepsis, compared with healthy controls [26, 27].
Monocyte activation by gram-negative bacteria has previously
been shown to be largely CD14 dependent [28]. This observa-
tion has been attributed to LPS-driven activation of TLR4.

In the current study, eritoran completely abolished LPS-
induced expression of the 2 leukocyte activation markers CD11b
and CD35 on monocytes but, surprisingly, had almost no effect
on the E. coli–induced expression. In contrast to eritoran, inhibi-
tion with anti-CD14 alone significantly and efficiently reduced
the expression of these activation markers. This suggests that

Figure 5. Inhibition of Staphylococcus aureus–induced cytokine release in human whole-blood specimens. Tumor necrosis factor (TNF), interleukin 1β (IL-1β), interleukin 6
(IL-6), and interleukin 8 (IL-8) release in response to incubation of human whole-blood specimens with heat-inactivated S. aureus (1 107 bacteria/mL) for 120 minutes after
preincubation with phosphate-buffered saline (PBS), compstatin (Cp40), anti-CD14, eritoran, anti-CD14 plus compstatin, or eritoran plus compstatin. Data presentation and
statistics are as described in the legend to Figure 3. **P < .01, ***P < .001, and ****P < .0001. Abbreviation: NS, nonsignificant.
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redundant pathways of CD11b and CD35 upregulation that are
independent of soluble LPS and TLR4-MD2 but dependent on
CD14 may be activated by whole bacteria.

Similar results were obtained for S. aureus–induced expres-
sion of CD11b and CD35 on monocytes, where combined inhi-
bition of CD14 and complement clearly outperformed the
combination of compstatin Cp40 with eritoran, again indicating
that anti-CD14 mediates effects beyond TLR4-MD2 inhibition.
However, inhibition with anti-CD14 alone did not show an in-
hibitory effect under these conditions.

Granulocyte activation and phagocytosis of E. coli and S. au-
reus by monocytes and granulocytes were largely complement
dependent, consistent with earlier observations [20, 28]. Inter-
estingly, inhibition of CD14 alone was more efficient than eri-
toran alone in reducing monocyte phagocytosis of E. coli. In
addition to phagocytosis, a possible effect of the various inhib-
itors on plasma bacterial lysis could be of importance for the
effect observed on the inflammatory reaction. Working with
heat-inactivated bacteria precludes use of colony-forming
units as a readout. However, we have previously shown that in-
hibition of CD14 did not reduce the killing of live E. coli in

porcine whole-blood specimens, whereas inhibition of C3 re-
duced but did not abolish bacterial killing [29]. This effect of
complement inhibition might reduce the amount of plasma
LPS and thus attenuate the cytokine storm.

There was much optimism expressed surrounding eritoran
and its potential to reduce mortality in sepsis. Yet, again, when
the phase 3 trial was concluded, no improvement was seen in
28-day mortality [11]. Savva et al pointed out that merely inhib-
iting a single pattern-recognition receptor could be insufficient,
since other receptors might fill in for TLR4, particularly when
gram-positive bacteria are involved, thus overriding the inhibito-
ry effect [30]. We have hypothesized that a combined inhibitory
approach is necessary in sepsis. Indeed, when comparing com-
bined CD14 and complement inhibition to inhibition by eritoran
alone, as tested in clinical trials, the combined approach was vast-
ly more efficient in our model. Furthermore, our data indicate
that complement and CD14 inhibition combined would be
more efficient than combining a complement inhibitor with eri-
toran. This warrants further validation in animal studies.

Development of new treatments for sepsis has proven diffi-
cult, demonstrating the discrepancies between preclinical

Figure 6. Inhibition of Staphylococcus aureus–induced upregulation of CD11b and CD35 on monocytes and granulocytes in human whole-blood specimens. Upregulation of
CD11b and CD35 on monocytes and granulocytes in response to incubating human whole-blood specimens with heat-inactivated S. aureus (1 × 108 bacteria/mL) for 20 minutes
after preincubation with phosphate-buffered saline (PBS), compstatin (Cp40), anti-CD14, eritoran, anti-CD14 plus compstatin, or eritoran plus compstatin. Data are shown as
median fluorescence intensity (MFI). Data presentation and statistics are as described in the legend to Figure 3. **P < .01 and ****P < .0001. Abbreviation: NS, nonsignificant.
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models and clinical outcomes. There are obvious shortcomings
in our model, particularly the pretreatment approach, because
most patients would not receive medications at such an early
stage. However, finding complex human systems that can better
reflect the clinical effects of treatments is important to improve
the selection of therapies for clinical trials. Here we demonstrate
important shortcomings of TLR4-MD2 inhibition alone, partic-
ularly in gram-positive inflammation; this conclusion corre-
sponds to clinical findings. Thus, the whole-blood model
could be a promising tool for identifying potential therapeutic
approaches to complex inflammatory diseases.

Although E. coli and S. aureus are the leading causative
agents in sepsis, a long list of other microbial pathogens can
be found, including the setting of polymicrobial infections, un-
derscoring the need for targeting broad-acting pattern-recogni-
tion receptors and upstream in the recognition systems. We
have recently demonstrated that the importance of combined
inhibition, as compared to inhibition by anti-CD14 alone,
also increases with incremental doses of E. coli [31]. Since septic
patients have an overwhelming dysregulation of the inflamma-
tory system, one might suspect that the benefits of combined

inhibition instead of single-agent inhibition would be even
more pronounced in that setting. Thus, in conclusion, we
have shown that a combined inhibition strategy against CD14
and complement might be a promising treatment for human
sepsis.

Notes
Financial support. This work was supported by the Research Council

of Norway, the Norwegian Council on Cardiovascular Disease, the Northern
Norway Regional Health Authority, the Southern and Eastern Norway Re-
gional Health Authority, the Odd Fellow Foundation, the Simon Fougner
Hartmann Family Fund, the European Community’s Seventh Framework
Program (grant agreement 602699 [DIREKT]), the National Institutes of
Health (grant AI068730), and the Research Council of Norway, through
its Centers of Excellence funding scheme (grant 223255/F50).
Potential conflicts of interest. All authors: No reported conflicts. All

authors have submitted the ICMJE Form for Disclosure of Potential Con-
flicts of Interest. Conflicts that the editors consider relevant to the content
of the manuscript have been disclosed.

References
1. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the

United States from 1979 through 2000. N Engl J Med 2003; 348:1546–54.
2. Luzzaro F, Ortisi G, Larosa M, Drago M, Brigante G, Gesu G. Prevalence and ep-

idemiology of microbial pathogens causing bloodstream infections: results of the
OASIS multicenter study. Diagn Microbiol Infect Dis 2011; 69:363–9.

Figure 7. Inhibition of phagocytosis of Escherichia coli (A) or Staphylococcus aureus (B) by monocytes and granulocytes in human whole-blood specimens. Human whole-
blood specimens were preincubated with phosphate-buffered saline (PBS), compstatin (Cp40), anti-CD14, eritoran, anti-CD14 plus compstatin, or eritoran plus compstatin and
then incubated with Alexa-labeled E. coli (5 × 107 bacteria/mL) or S. aureus (1 × 108 bacteria/mL) for 15 minutes. Phagocytosis was measured by flow cytometry, and the results
are indicated as mean fluorescence intensity (MFI). Data presentation and statistics are as described in the legend to Figure 3 except that these S. aureus experiments involved
3 different donors. **P < .01, ***P < .001, and ****P < .0001. Abbreviation: NS, nonsignificant.

Complement and TLRs in Bacterial Inflammation • JID 2016:214 (1 July) • 149



3. Angus DC, van der Poll T. Severe sepsis and septic shock. N Engl J Med 2013;
369:840–51.

4. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity:
update on Toll-like receptors. Nat Immunol 2010; 11:373–84.

5. Zanoni I, Granucci F. Role of CD14 in host protection against infections and in
metabolism regulation. Front Cell Infect Microbiol 2013; 3:32.

6. Lee HK, Dunzendorfer S, Soldau K, Tobias PS. Double-stranded RNA-mediated
TLR3 activation is enhanced by CD14. Immunity 2006; 24:153–63.

7. Baumann CL, Aspalter IM, Sharif O, et al. CD14 is a coreceptor of Toll-like recep-
tors 7 and 9. J Exp Med 2010; 207:2689–701.

8. Weber C, Muller C, Podszuweit A, Montino C, Vollmer J, Forsbach A. Toll-like re-
ceptor (TLR) 3 immune modulation by unformulated small interfering RNA or
DNA and the role of CD14 (in TLR-mediated effects). Immunology 2012; 136:64–77.

9. Lau C, Gunnarsen KS, Hoydahl LS, et al. Chimeric anti-CD14 IGG2/4 Hybrid an-
tibodies for therapeutic intervention in pig and human models of inflammation. J
Immunol 2013; 191:4769–77.

10. Shirey KA, Lai W, Scott AJ, et al. The TLR4 antagonist Eritoran protects mice from
lethal influenza infection. Nature 2013; 497:498–502.

11. Opal SM, Laterre PF, Francois B, et al. Effect of eritoran, an antagonist of MD2-
TLR4, on mortality in patients with severe sepsis: the ACCESS randomized trial.
JAMA 2013; 309:1154–62.

12. Brekke OL, Christiansen D, Fure H, et al. Combined inhibition of complement and
CD14 abolish E. coli-induced cytokine-, chemokine- and growth factor-synthesis
in human whole blood. Mol Immunol 2008; 45:3804–13.

13. Egge KH, Thorgersen EB, Lindstad JK, et al. Post challenge inhibition of C3 and
CD14 attenuates Escherichia coli-induced inflammation in human whole blood.
Innate Immun 2014; 20:68–77.

14. Skjeflo EW, Christiansen D, Espevik T, Nielsen EW, Mollnes TE. Combined inhi-
bition of complement and CD14 efficiently attenuated the inflammatory response
induced by Staphylococcus aureus in a human whole blood model. J Immunol
2014; 192:2857–64.

15. Barratt-Due A, Thorgersen EB, Egge K, et al. Combined inhibition of complement
C5 and CD14 markedly attenuates inflammation, thrombogenicity, and hemody-
namic changes in porcine sepsis. J Immunol 2013; 191:819–27.

16. Huber-Lang M, Barratt-Due A, Pischke SE, et al. Double blockade of CD14 and
complement C5 abolishes the cytokine storm and improves morbidity and survival
in polymicrobial sepsis in mice. J Immunol 2014; 192:5324–31.

17. Skjeflo EW, Sagatun C, Dybwik K, et al. Combined inhibition of complement and
CD14 improved outcome in porcine polymicrobial sepsis. Crit Care 2015; 19:415.

18. Qu H, Ricklin D, Bai H, et al. New analogs of the clinical complement inhibitor
compstatin with subnanomolar affinity and enhanced pharmacokinetic properties.
Immunobiology 2013; 218:496–505.

19. Husebye H, Halaas O, Stenmark H, et al. Endocytic pathways regulate Toll-like
receptor 4 signaling and link innate and adaptive immunity. EMBO J 2006;
25:683–92.

20. Mollnes TE, Brekke OL, Fung M, et al. Essential role of the C5a receptor in E coli-
induced oxidative burst and phagocytosis revealed by a novel lepirudin-based
human whole blood model of inflammation. Blood 2002; 100:1869–77.

21. Tidswell M, Tillis W, Larosa SP, et al. Phase 2 trial of eritoran tetrasodium (E5564),
a toll-like receptor 4 antagonist, in patients with severe sepsis. Crit Care Med 2010;
38:72–83.

22. Sabroe I, Jones EC, Usher LR, Whyte MK, Dower SK. Toll-like receptor (TLR)2
and TLR4 in human peripheral blood granulocytes: a critical role for monocytes
in leukocyte lipopolysaccharide responses. J Immunol 2002; 168:4701–10.

23. Muller P, Muller-Anstett M, Wagener J, et al. The Staphylococcus aureus lipopro-
tein SitC colocalizes with Toll-like receptor 2 (TLR2) in murine keratinocytes and
elicits intracellular TLR2 accumulation. Infect Immun 2010; 78:4243–50.

24. Schroder NW, Morath S, Alexander C, et al. Lipoteichoic acid (LTA) of Strep-
tococcus pneumoniae and Staphylococcus aureus activates immune cells via
Toll-like receptor (TLR)-2, lipopolysaccharide-binding protein (LBP), and
CD14, whereas TLR-4 and MD-2 are not involved. J Biol Chem 2003;
278:15587–94.

25. Bergstrom B, Aune MH, Awuh JA, et al. TLR8 senses staphylococcus aureus RNA
in human primary monocytes and macrophages and induces IFN-beta production
via a TAK1-IKKbeta-IRF5 signaling pathway. J Immunol 2015; 195:100–11.

26. Brunialti MK, Martins PS, Barbosa de Carvalho H, Machado FR, Barbosa LM, Sal-
omao R. TLR2, TLR4, CD14, CD11B, and CD11C expressions on monocytes sur-
face and cytokine production in patients with sepsis, severe sepsis, and septic
shock. Shock 2006; 25:351–7.

27. Nuutila J, Jalava-Karvinen P, Hohenthal U, et al. Comparison of degranulation of
easily mobilizable intracellular granules by human phagocytes in healthy subjects
and patients with infectious diseases. Hum Immunol 2009; 70:813–9.

28. Lappegard KT, Christiansen D, Pharo A, et al. Human genetic deficiencies reveal
the roles of complement in the inflammatory network: lessons from nature. Proc
Natl Acad Sci USA 2009; 106:15861–6.

29. Thorgersen EB, Pharo A, Haverson K, et al. Inhibition of complement and CD14
attenuates the Escherichia coli-induced inflammatory response in porcine whole
blood. Infect Immun 2009; 77:725–32.

30. Savva A, Roger T. Targeting toll-like receptors: promising therapeutic strategies for
the management of sepsis-associated pathology and infectious diseases. Front Im-
munol 2013; 4:387.

31. Egge KH, Barratt-Due A, Nymo S, et al. The anti-inflammatory effect of combined
complement and CD14 inhibition is preserved during escalating bacterial load.
Clin Exp Immunol 2015; 181:457–67.

150 • JID 2016:214 (1 July) • Gustavsen et al



 



 

 

 

 

  

 
P

ap
er

 I
I 

 
 



 



The Journal of Immunology

Human Endothelial Cell Activation by Escherichia coli and
Staphylococcus aureus Is Mediated by TNF and IL-1b
Secondarily to Activation of C5 and CD14 in Whole Blood

Stig Nymo,*,†,‡,x Alice Gustavsen,‡,x Per H. Nilsson,‡,x Corinna Lau, *,† Terje Espevik,{,‖ and
Tom Eirik Mollnes*,†,‡,x,{

Endothelial cells (EC) play a central role in inflammation. E-selectin and ICAM-1 expression are essential for leukocyte recruitment

and are good markers of EC activation. Most studies of EC activation are done in vitro using isolated mediators. The aim of the

present study was to examine the relative importance of pattern recognition systems and downstreammediators in bacteria-induced

EC activation in a physiological relevant human model, using EC incubated with whole blood. HUVEC were incubated with human

whole blood. Escherichia coli– and Staphylococcus aureus–induced EC activation was measured by E-selectin and ICAM-1

expression using flow cytometry. The mAb 18D11 was used to neutralize CD14, and the lipid A analog eritoran was used to

block TLR4/MD2. C5 cleavage was inhibited using eculizumab, and C5aR1 was blocked by an antagonist. Infliximab and

canakinumab were used to neutralize TNF and IL-1b. The EC were minimally activated when bacteria were incubated in serum,

whereas a substantial EC activation was seen when the bacteria were incubated in whole blood. E. coli–induced activation was

largely CD14-dependent, whereas S. aureus mainly caused a C5aR1-mediated response. Combined CD14 and C5 inhibition

reduced E-selectin and ICAM-1 expression by 96 and 98% for E. coli and by 70 and 75% for S. aureus. Finally, the EC activation

by both bacteria was completely abolished by combined inhibition of TNF and IL-1b. E. coli and S. aureus activated EC in a

CD14- and C5-dependent manner with subsequent leukocyte secretion of TNF and IL-1b mediating the effect. The Journal of

Immunology, 2016, 196: 2293–2299.

D
irect bacterial tissue damage and bacteria-induced in-
flammation are important causes of both severe morbid-
ity and mortality worldwide. Both Gram-negative and

Gram-positive bacteria can cause severe disease. Although his-
torically Gram-negative bacteria have been the main cause of
severe infections, with Escherichia coli being the most common,
there is an increasing prevalence of Gram-positive–induced in-
fections, in particular with Staphylococcus aureus (1).

In recent years, the role of endothelial cells (EC) in inflammation
has been recognized both as central and undervalued (2–4). From
the basic point that EC activation is necessary for leukocyte re-
cruitment to the recent discovery that inhibiting increased vascular
permeability in sepsis seems to alleviate most of the symptoms of
the condition in murine models (5–7), it has been demonstrated
that a better evaluation of EC activation has a central part in the
quest for understanding and modulating inflammation.
A large number of models have been used to examine EC ac-

tivation, with HUVEC being a common surrogate. Using HUVEC,
multiple potential activating factors have been found in in vitro
studies. However, as the field of sepsis has duly demonstrated,
there is a long path from simple isolated cell models to the clinic, a
path riddled with wrong turns and empty promises.
To narrow this gap, we have developed a novel model to look at

human EC activation in a more complex system using an already
established whole blood model, that is, coincubating lepirudin
anticoagulated whole blood with HUVEC monolayers (8).
Recognition of bacteria by the innate immune system is me-

diated by pattern recognition receptors. There are several different
classes of these, where TLRs play a central role, particularly in
detection of LPS from Gram-negative bacteria through TLR4, but
also motifs on Gram-positive bacteria, particularly lipoproteins,
recognized by TLR2 (9). CD14 is a promiscuous coreceptor to
several of the TLRs, and it plays a central role in recognition both
by TLR4 and TLR2 (10).
The complement system is an important recognition system

comprising both fluid-phase and cell-bound components. There are
three pathways of pathogen recognition (classical, lectin, and al-
ternative pathways) that all lead to activation of the C3 convertases,
which proteolyze C3 into C3a, an anaphylatoxin with a range of
effector functions, and C3b, which acts as an opsonin on bacteria
and other exogenous or endogenous structures. With further ac-
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tivation of C3, the C5 convertase is constructed, which activates C5,
leading to the release of C5a, the most potent anaphylatoxin in this
system, and assembly of the terminal C5b-9 complex. This com-
plex can either be formed in the fluid phase as sC5b-9 or assembled
on a membrane as the membrane attack complex, which may lyse
Gram-negative bacteria. Complement system activation is strictly
regulated by endogenous inhibitors at different steps of the cascade
(11–13).
We have earlier shown that combined inhibition of CD14 and

one of the key complement components, at the level of either C3 or
C5, can more or less completely attenuate cytokine release and
leukocyte activation in whole blood after bacteria-induced acti-
vation both with Gram-negative and Gram-positive bacteria (14–
16). Furthermore, in a murine sepsis model, we have recently
shown that combined inhibition reduces both inflammation and
mortality (17).
The aim of the present study was to evaluate the mechanisms

behind bacteria-induced EC activation in our novel whole blood
and HUVEC model. Using E. coli and S. aureus, we examined the
effect of inhibition both at the recognition stage, inhibiting com-
plement activation and CD14, and at the downstream mediator
stage, inhibiting TNF and IL-1b.

Materials and Methods
Reagents

Sterile PBS with and without Ca2+ and Mg2+ and EDTA were purchased
from Sigma-Aldrich (St. Louis, MO). CryoTubes (polypropylene) were
purchased from Nunc (Roskilde, Denmark). Lepirudin (Refludan) was
purchased from Pharmion (Copenhagen, Denmark) and used at a final
concentration of 50 mg/ml in whole blood. A 4% stock solution made of
paraformaldehyde was purchased from Sigma-Aldrich. BSA 30% was
purchased from Biotest (Dreieich, Germany) and trypsin/EDTA was from
Invitrogen (Carlsbad, CA). A complete EC growth medium was purchased
from Cell Applications (San Diego, CA). Heat-inactivated E. coli strain
LE392 (ATCC 33572) and S. aureus Cowan strain 1 (ATCC 12598) were
obtained from American Type Culture Collection (Manassas, VA).

Abs used for flow cytometric detection of EC surface proteins were
FITC-conjugated mouse anti-human ICAM-1 (CD54, clone BBIG-I1) and
isotype control (FITC-conjugated mouse IgG1, clone 11711), PerCP-
conjugated mouse anti-human MCAM (CD146, clone 128018) (from
R&D Systems, Minneapolis, MN), PE-conjugated mouse anti-human
E-selectin (CD62E, clone 1.2B6) and isotype control (PE-conjugated
mouse IgG1, clone 15H6) (both from SouthernBiotech, Birmingham, AL).

The following inhibitors were used: the C5-blocking Ab eculizumab
(Soliris; Alexion), the TNF-blocking Ab infliximab (Remicade; Janssen
Biologics), the IL-1b–blocking Ab canakinumab (Ilaris; Novartis), a
blocking Ab to CD14 (r18D11) that was produced and used as described
previously (18), the specific C5a receptor (C5aR1) antagonist (AcF[OPd-
ChaWR]), which was a gift from Prof. John D. Lambris and synthesized as
previously described (19), and the TLR4/MD2-blocking lipid A analog
eritoran (E5564), which was provided by Eisai (Andover, MA). The CD20-
blocking Ab rituximab (Mabthera; Roche) was used as a control Ab in all
experiments.

Whole blood and HUVEC

The model for whole blood and HUVEC activation was described previ-
ously (8). Briefly, a modified version of an ex vivo whole blood model (20)
was used combined with HUVEC (European Collection of Authenticated
Cell Cultures, Salisbury, U.K.) seeded in 48-well plates (Costar, Corning,
NY). HUVEC were used in passages two through five. On the day of the
experiment, fresh human whole blood was obtained from healthy donors of
both genders (age of 27–83 y), who had used no medications the previous
week, and was anticoagulated with the thrombin-specific inhibitor lepir-
udin. In experiments with human serum, three separate pooled human sera
were used. Confluent HUVEC monolayers were washed twice with sterile,
37˚C PBS before the addition of 100 ml whole blood, pooled normal hu-
man serum, or growth medium with 2% FBS. The inhibitors anti-CD14 (15
mg/ml), eculizumab (100 mg/ml), C5aR1 antagonist (10 mM), infliximab
(100 mg/ml), canakinumab (100 mg/ml), eritoran (1mM), rituximab as a
control Ab (100 mg/ml), or PBS were added in a total volume of 20 ml and
incubated for 4 min at 37˚C prior to addition of PBS, heat-inactivated

E.coli (105 bacteria/ml unless specified otherwise) or heat-inactivated
S. aureus (107 bacteria/ml, unless specified otherwise). Samples were then
incubated at 37˚C with 5% CO2 for 4 h with gentle shaking. Thereafter,
whole blood, serum, or medium was removed and EDTA (20 mM) was
added before centrifugation for 15 min at 3000 3 g at 4˚C. Plasma or
supernatant was stored at 270˚C until analysis.

EC activation markers

After removal of medium, serum, or whole blood, HUVEC monolayers
were gently washed twice with ice-cold PBS, fixed with 0.5% parafor-
maldehyde, and incubated at 4˚C for 2.5 min, as described previously (21).
After gentle washing with PBS, anti–ICAM-1-FITC and anti–E-selectin-
PE, or their isotype controls, and anti–MCAM-PerCP were added and
plates were incubated for 30 min at 4˚C. Cells were washed twice with
PBS, briefly trypsinated, and transferred to 5-ml polypropylene tubes
(Sarstedt, Nuernbrecht, Germany), washed with PBS with 0.1% BSA, and
run on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).
HUVEC were gated as MCAM-positive cells. Median values were used for
fluorescence intensity. Data were analyzed in FlowJo X (Tree Star, Ash-
land, OR).

Cytokine measurements

Analysis of plasma, serum, or medium concentrations of IL-1b, IL-6, IL-8,
and TNF were done using multiplex technology. Single-plex beads were
purchased from Bio-Rad Laboratories (Hercules, CA) and used according
to the manufacturer’s recommendations.

Statistical analysis, data presentation, and ethical approval

All data were compiled in Prism 6 (GraphPad Software, San Diego, CA).
Both absolute and relative values of groups were compared using a non-
parametric Friedman test with a Dunn posttest. Data were paired for each
donor to eliminate donor variation, and all groups were compared with
noninhibited controls unless specified otherwise. The data are presented as
absolute values in the figures, but for comparison relative values have been
calculated and are presented in Supplemental Figs. 2–4. Informed written
consent was obtained from each donor, and the local ethics committee
approved the study.

Results
Bacteria-induced EC activation

To evaluate activation of EC by Gram-negative bacteria, we in-
cubated EC with incremental doses of E. coli in medium (no
human serum), pooled normal human serum, or whole blood.
E. coli in medium only could not induce EC activation. However, in
the presence of human serum, 107 bacteria/ml caused a modest
expression of E-selectin (Fig. 1A) and ICAM-1 (Fig. 1B). Notably,
the sensitivity of the system was drastically increased with similar
activation by 105 bacteria/ml in whole blood as 107 bacteria/ml in
serum (Fig. 1A, 1B).
To evaluate activation of EC by Gram-positive bacteria, we

incubated EC with incremental doses of S. aureus in medium (no
human serum), pooled normal human serum, or whole blood.
S. aureus did not activate EC in any bacterial concentration in me-
dium only or in human serum. However, in the presence of whole
blood, S. aureus caused a potent and dose-dependent upregulation
of E-selectin (Fig. 1C) and ICAM-1 (Fig. 1D), although at a 100-
fold increase in bacteria concentration compared with E. coli
(Fig. 1C, 1D).

Inhibition of bacteria-induced EC activation in whole blood

We have earlier shown that the inflammatory reaction induced by
both E. coli and S. aureus in human whole blood can be attenuated
by combined inhibition of CD14 and one of the key complement
components (14, 16). To evaluate whether bacteria-induced EC
activation also would be reduced by this regimen, we incubated
whole blood on EC monolayers with either E. coli (105 bacteria/ml)
or S. aureus (107 bacteria/ml) in addition to blocking mAbs to
CD14 and C5, alone or in combination (Fig. 2, Supplemental
Fig. 2).
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E. coli–induced EC activation was largely attenuated by anti-
CD14 alone, as evaluated by E-selectin (Fig. 2A, Supplemental

Fig. 2A) and ICAM-1 (Fig. 2B, Supplemental Fig. 2B). We

therefore included the TLR4/MD2 antagonist eritoran to evaluate

to what extent the CD14 effect depended on TLR4 signaling.

Eritoran had a comparable effect to anti-CD14 (Fig. 2A, 2B,

Supplemental Fig. 2A, 2B).
S. aureus caused a time-dependent formation of C5b-9 in

whole blood (Supplemental Fig. 1). Whole blood–induced EC acti-

vation was largely attenuated by complement inhibition alone, as

demonstrated by the C5-blocking Ab eculizumab (Fig. 2C, 2D,

Supplemental Fig. 2C, 2D). To evaluate whether this attenuating

effect was due to the inhibition of C5a or C5b-9 formation, we

also included a C5aR1 antagonist. The effect of the antagonist was

virtually identical to that of eculizumab, indicating that the effect

was mainly mediated through the C5a–C5aR1 interaction and not

C5b-9 (Fig. 2C, 2D, Supplemental Fig. 2C, 2D). For both bacteria,

combined inhibition of CD14 and C5 had a potent and similar

degree of inhibition compared with single inhibition of either

(Fig. 2, Supplemental Fig. 2).

Mediators of bacteria-induced EC activation in whole blood

As activation of EC by E. coli and S. aureus was largely dependent
on whole blood, we then evaluated potential downstream, secreted
mediators causing this activation. TNF and IL-1b are commonly
described EC activators (22). Thus, we evaluated to what extent

FIGURE 1. E. coli and S. aureus cause dose-

dependent EC activation in whole blood. Ex-

pression of E-selectin (A and C) and ICAM-1 (B

and D) on EC after incubation of E. coli (A and

B) or S. aureus (C and D) in growth medium,

normal human serum, or in whole blood. Data

are given as mean6 range of n = 3 and n = 4 for

E. coli and S. aureus, respectively.

FIGURE 2. Complement (C5) and TLR

(CD14 and TLR4/MD2) inhibition of whole

blood attenuates EC activation by E. coli and

S. aureus. Monolayers of EC were incubated

with whole blood. The C5 inhibitors eculizumab

or C5aR1 antagonist, anti-CD14, TLR4/MD2

antagonist eritoran, or combinations of these, as

well as control Ab (rituximab) were added to the

blood prior to the addition of 105 bacteria/ml

E. coli (A and B) or 107 bacteria/ml S. aureus (C

and D). E-selectin expression (A and C) and

ICAM-1 expression (B and D) data are presented

with median values (bars), mean values (+), and

error bars from the 10th to 90th percentile with

n = 6 donors. *p , 0.05, **p , 0.01, ***p ,
0.001 as compared with bacterial incubation

without inhibitors.
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they could explain the whole blood bacteria-induced EC activation
using Abs already in clinical use, namely infliximab (anti-TNF)
and canakinumab (anti–IL-1b). TNF and IL-1b release was de-
tectable after 2 h and increased over time after activation with both
E. coli and S. aureus (Supplemental Fig. 1). Notably, although
single inhibition of TNF or IL-1b only modestly reduced activa-
tion of EC, combined TNF and IL-1b inhibition completely
abolished the expression of E-selectin (Fig. 3C, Supplemental
Fig. 3C) and ICAM-1 (Fig. 3D, Supplemental Fig. 3D) on the
EC surface to background levels. This was the case for both
E. coli– and S. aureus–induced activation.

Mechanisms of complement and CD14 inhibition

To evaluate whether the effect of CD14 and C5 inhibition was due
to reduced secretion of TNF and IL-1b, we analyzed cytokine
release in whole blood from E. coli and S. aureus activation in the
presence of HUVEC. E. coli–induced TNF and IL-1b secretion
was reduced to background levels by combined CD14 and C5
inhibition, and it was clearly reduced by single inhibition with
anti-CD14 (Fig. 4A, 4B, Supplemental Fig. 4A, 4B). We included
eritoran to examine whether the CD14 effect was mainly depen-
dent on TLR4 activation, and eritoran also reduced TNF and IL-
1b secretion to background levels (Fig. 4A, 4B, Supplemental
Fig. 4A, 4B), indicating that TNF and IL-1b release induced by
E. coli was mediated through TLR4 activation. S. aureus–induced
TNF and IL-1b secretion was reduced to background levels by
combined CD14 and C5 inhibition, as well as by single inhibition
of C5 (Fig. 4C, 4D, Supplemental Fig. 4C, 4D). To evaluate the
mechanism behind C5-induced TNF and IL-1b release, we in-
cluded a specific C5aR1 antagonist, which also reduced their re-
lease to background levels, indicating that TNF and IL-1b release
induced by S. aureus was mainly mediated through the C5a–
C5aR1 interaction and not C5b-9.
Taken together, these findings suggest that targeting key up-

stream recognition molecules, that is, CD14 and complement,
inhibits E. coli– and S. aureus–induced EC activation by pre-
venting blood cells from releasing the downstream inflammatory
mediators TNF and IL-1b.

Discussion
In the present study, we show a mechanistic link between upstream
recognition of C5 and CD14 activation and downstream TNF and
IL-1b release, demonstrating that mainly C5a–C5aR1 activation
combined with CD14 interaction are responsible for the TNF- and
IL-1b–dependent EC activation induced by both E. coli and
S. aureus. Of particular interest is that the combined inhibition of
either of the two upstream molecules C5 and CD14, or the two
downstream cytokines TNF and IL-1b mediators, was required to
obtain a virtually complete attenuation of the EC activation.
The central role of EC in inflammatory disease is becoming

increasingly apparent, and thus the importance of understanding
the mechanisms behind their activation can reveal potential targets
of intervention in inflammatory conditions. However, with in-
creasing appreciation of the cross-talk between systems formerly
thought of as separate, we need to develop models that at least
include some of this complexity if we are to successfully translate
laboratory results into clinical efficacy. To a large extent, the
evaluation of EC activation has been done in vitro in isolated cell
systems, where the exposure of EC to different mediators is used to
evaluate the role of these mediators in EC activation. Although the
list of potential activators is increasing, the relative importance of
these activators in clinical inflammation remains unclear, and thus
which of those provide most promise for intervention is still
elusive.
We have developed a novel model of EC activation by coincu-

bating HUVEC with whole blood. As a necessary limitation of the
model, coagulation has to be prevented. However, using the
thrombin-specific agent lepirudin, only the end stage of the coag-
ulation process is inhibited, providing a more physiological envi-
ronment compared with the more commonly used heparin (23).
HUVEC do not express ABO Ags, and consequently ABO
matching between EC and whole blood donors is not necessary
(24). In this system, we can examine the effect of specific mediators
on EC, but also study cell–cell interactions between EC and
leukocytes and cross-talk between different blood constituents, such
as platelets, the complement system, RBCs, and leukocytes, as well
as evaluate interventions that might alleviate EC activation.

FIGURE 3. Complement (C5)- and TLR

(CD14 and TLR4/MD2)-induced EC acti-

vation is mediated by TNF and IL-1b.

Monolayers of EC were incubated with

whole blood and the TNF-blocking Ab

infliximab, the IL-1b–blocking Ab cana-

kinumab, a combination of these, or control

Ab (rituximab) prior to the addition of 105

bacteria/ml E. coli (A and B) or 107 bac-

teria/ml S. aureus (C and D). E-selectin

expression (A and C) and ICAM-1 expres-

sion (B and D) data are presented as in

Fig. 2 with n = 6 donors. ***p , 0.001,

****p , 0.0001 as compared with bacte-

rial incubation without inhibitors.
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Several studies have shown that HUVEC can react to LPS or
E. coli directly mediated by TLR4, but the role of CD14 is less
clear. Lloyd-Jones et al. (25) showed that both soluble and
membrane-bound CD14 was necessary with low levels of LPS,
whereas when the dose increased, the dependency of CD14 was
eliminated. The potential role of TLR4 recognition by EC in vivo
was further elaborated in a mouse model with TLR4 expressed
exclusively in EC (26). It was found that this was sufficient to re-
cruit leukocytes to tissue after local injection of LPS or E. coli, and
limiting TLR4 expression to EC was beneficial, as it led to a larger
number of immune cells recruited to the inflamed tissue instead of
sequestered in the lungs (26). Thus, it has become clear that TLR4
on EC is capable of detecting bacterial stimuli, and this detection is
sufficient to initiate a robust local inflammatory response. However,
what role TLR4 activation on EC plays in inflammation in a
complex, TLR4-sufficient, human system is less clear.
In our study, we found that although EC could be activated

directly by E. coli in sufficient doses, this activation was depen-
dent on plasma, which contains soluble CD14, and was 100-fold
less potent than the response to whole blood–mediated E. coli–
induced activation of EC. This is in line with previous studies
demonstrating that plasma from E. coli–activated heparin anti-
coagulated whole blood (27) or conditioned medium with LPS-
activated THP-1 cells, a monocytic cell line (28), caused ∼100-fold
more potent activation of EC than did activating EC directly with
the same concentration of E. coli or LPS. Thus, it seems that
although E. coli can directly activate EC, this does not play a
significant role due to the shear scale of leukocyte-induced acti-
vation. However, as there are indications that EC-expressed TLR4
can more potently activate microvascular than macrovascular cells
(29), whole blood–independent EC activation may play a larger
role in the microvasculature than what we found in our model.
In a number of different models, we have previously shown that

combined inhibition of CD14 and key complement components can
attenuate inflammation induced by Gram-negative bacteria (15, 16,
20, 30–34), Gram-positive bacteria (14), and polymicrobial stimuli
(17). We therefore intended to evaluate to what extent inhibiting

whole blood inflammation would affect EC activation by using
CD14- and C5-blocking Abs. We found that E. coli–induced whole
blood–mediated activation of EC was largely CD14-dependent
whereas S. aureus–induced activation was mediated by the comple-
ment system, mainly through C5a–C5aR1 interaction. We have
earlier found that single inhibition is less efficient than combined
inhibition, particularly with increased load of inflammatory stimuli
(35). In the present study, we used fairly low concentrations of
bacteria compared with previous studies in whole blood alone, which
might explain the impressive effect of single inhibition. However,
there is no doubt that a combined inhibitory approach would be
superior when the causative agent is not known, as the effect of single
CD14 blockage in S. aureus–induced inflammation or single com-
plement inhibition in E. coli–induced activation is highly ineffective.
Several previous studies in less complex models have found

an impressive effect of combined TNF and IL-1b inhibition in
HUVEC activation. Already in 1995, Pugin et al. (36) demon-
strated that combined use of a TNF-blocking Ab and an IL-1R
antagonist could completely inhibit activation of HUVEC after
stimulation with either plasma or highly diluted whole blood in
medium incubated with the EC. Nooteboom et al. (37, 38) used
media conditioned with plasma from LPS- and bacteria-activated
heparin anticoagulated whole blood to look at EC expression of
adhesion molecules and permeability, and Schildberger et al. (28,
39) used conditioned media from LPS-activated THP-1 cells, a
monocytic cell line, to activate HUVEC. Both groups found a
central role for TNF and IL-1b in EC activation.

Although these studies do take us a step closer to a clinically
more relevant model of EC activation, there are some important
shortcomings. Using activated plasma, mediators with short half-
lives such as C5a, a central complement system anaphylatoxin
postulated to activate EC (40–42), as well as cell–cell interaction
between leukocytes and EC cannot be modeled. Furthermore,
diluting the plasma or whole blood dramatically also entails a
danger of including dilution-specific effects, as for instance the
alternative pathway of the complement system is close to inacti-
vated at plasma concentrations ,6–10% (43).

FIGURE 4. Bacteria-induced cytokine re-

lease in whole blood is attenuated by comple-

ment (C5) and TLR (CD14 and TLR4/MD2)

inhibition. Plasma from whole blood incubated

with monolayers of EC and 105 bacteria/ml

E. coli (A and B) or 107 bacteria/ml S. aureus (C

and D) and inhibitors was analyzed for TNF (A

and C) and IL-1b (B and D). Data are presented

as in Fig. 2 with n = 6 donors. *p, 0.05, **p,
0.01 as compared with bacterial activation

without inhibitors.
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We therefore evaluated to what extent TNF and IL-1b could
account for the whole blood–induced activation in our model. We
found a robust time-dependent release of TNF and IL-1b starting
from 2 h of incubation, and that combined inhibition of TNF
and IL-1b completely blocked HUVEC activation induced by
bacteria-stimulated whole blood. Importantly, the central role of
TNF and IL-1b seems to hold both with endogenous and exoge-
nous stimuli, as we have previously shown in the same model that
blocking TNF completely abrogated cholesterol crystal–induced
activation of HUVEC (8). To examine whether the effects of C5
and CD14 blockage were mediated by their ability to eliminate the
release of TNF and IL-1b, we analyzed cytokine release in the
plasma from the experiments. Indeed, we found that TNF and IL-
1b release from whole blood after stimulation with both Gram-
negative and Gram-positive bacteria was completely eliminated by
combined C5 and CD14 blockage, thus supporting the central role
of these two cytokines in inducing EC activation
Thus, in our complex human model, EC are activated not directly

by the bacteria, but indirectly, due to bacterial activation of leuko-
cytes. This leads to the secretion of TNF and IL-1b, which then
activate the EC. Interestingly, despite the large number of inflam-
matory mediators in the system, only TNF and IL-1b contributed
significantly toward EC activation. One can speculate about why
other inflammatory mediators did not seem to significantly con-
tribute toward direct EC activation. EC receptors for activators such
as C5a and LPS could be outcompeted by the shear number of
receptors for these molecules on leukocytes. The lack of activation
could also be due to a lower potency of these mediators, where the
overwhelming scale of TNF- and IL-1b–induced activation drowns
out their effect. No matter the mechanisms involved, our findings
suggest the importance of not only describing mediators that are
capable of activating the immune system, but also evaluating the
relative importance of these mediators in complex systems. Al-
though mediators are found to cause activation in in vitro single-cell
systems, this might not translate into significant relevance as the
complexity of the system increases.
In conclusion, this study demonstrates the ability of a novel

whole blood and EC model to evaluate EC activation in a complex
human ex vivo system. Doing so, we found that EC activation by
both Gram-negative and Gram-positive bacteria could be elimi-
nated in the upstream recognition phase by dual inhibition of C5
and CD14. We also found that CD14- and C5-mediated activation
caused EC adhesion molecule expression due to subsequent leu-
kocyte release of TNF and IL-1b, and blocking these mediators
completely abrogated EC activation. Thus, both upstream com-
bined targeting of C5 and CD14 and downstream combined tar-
geting of TNF and IL-1b appear to be promising foci to modulate
EC activation in inflammation.
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Abstract 

Inhibition of complement factor 5 (C5) reduced myocardial infarction in animal studies, while 

no benefit was found in clinical studies. Due to lack of cross-reactivity of clinically used C5 

antibodies, different inhibitors were used in animal and clinical studies. Coversin (Ornithodoros 

moubata complement inhibitor, OmCI) blocks C5 cleavage and binds leukotriene B4 in humans 

and pigs. We hypothesized that inhibition of C5 before reperfusion will decrease infarct size 

and improve ventricular function in a porcine model of myocardial infarction.  

In pigs (sus scrofa), the left anterior descending coronary artery was occluded (40 min) and 

reperfused (240 min). Coversin or placebo was infused 20 min after occlusion and throughout 

reperfusion in 16 blindly randomized pigs. Coversin significantly reduced myocardia l 

infarction in the area at risk by 39% (p=0.03, triphenyl tetrazolium chloride staining) and by 

19% (p=0.02) using magnetic resonance imaging. The methods correlated significantly 

(R=0.92, p<0.01). Tissue Doppler echocardiography showed increased systolic displacement 

(31%, p<0.01) and increased systolic velocity (29%, p=0.01) in coversin treated pigs. 

Interleukin-1β in myocardial microdialysis fluid was significantly reduced (31%, p<0.05) and 

tissue E-selectin expression was significantly reduced (p=0.01) in the non-infarcted area at risk 

by coversin treatment. Coversin ablated plasma C5 activation throughout the reperfusion period 

and decreased myocardial C5b-9 deposition, while neither plasma nor myocardial LTB4 were 

significantly reduced.  

Coversin substantially reduced the size of infarction, improved ventricular function, and 

attenuated interleukin-1β and E-selectin in this porcine model by inhibiting C5. We conclude 

that inhibition of C5 in myocardial infarction should be reconsidered.

 

Keywords: ischemia/reperfusion, myocardial infarction, complement, C5, contractility, LTB4 
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Introduction 

The introduction of early reperfusion therapy of acute myocardial infarction (MI) in the clinica l 

setting has decreased morbidity and mortality and improved post-MI cardiac function. 

However, a considerable part of the ischemic myocardium is still lost upon reperfusion. 

Ischemia and reperfusion cause liberation of damage associated molecular patterns (DAMP) 

from ischemic or injured cells, activating innate immune responses, a prerequisite for the 

healing process, currently reviewed in [19]. However, overactivation causes detrimental effects 

by injuring the myocardium, an effect termed ischemia/reperfusion injury (IRI) [22], leading to 

aggravated infarctsize and pump failure.  

 

Complement is an upstream sensor and effector system of innate immunity, a key system for 

immune surveillance and homeostasis, but also implicated to play a critical role in the 

pathophysiology of myocardial IRI [4, 35]. Complement as a danger sensing alarm system 

relies on soluble pattern recognition receptors of three different activation pathways, the 

classical, the lectin and the alternative pathway [35]. They all converge at the central component 

C3, which is cleaved into C3a and C3b and subsequently leads to cleavage of C5, which 

generates the potent anaphylatoxin C5a and the terminal C5b-9 complement complex, both 

exerting proinflammatory effector functions [35]. 

 

Complement inhibition in myocardial infarction was first shown to reduce infarction size in 

rodents already in 1990 [47]. Experimental studies investigating complement inhibition in a 

clinically relevant context are rare, i.e. the inhibitor was given after onset of ischemia, but 

confirmed the protective potential of C5 inhibition [44]. Pigs are highly recognized for the 

translational value of results obtained [20], however C5 inhibition has not been tested as no 

inhibitors for pig C5 have been available. Inhibition of various other parts of the complement 
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cascade by inhibition of complement factor 1 [21], treatment with soluble complement receptor 

1 [2], protecting the endothelium with dextran sulfate [3] and tyrosine-O-sulfate [4] clearly 

showed the potential of complement inhibition in pigs. Clinical studies with the C5-antibody 

pexelizumab were therefore performed without prior preclinical testing and the results were  

disappointing [15, 31]. Administration of the anti-C5 antibody during percutaneous coronary 

intervention neither reduced myocardial infarction nor decreased mortality [23].  However, a 

major concern with these studies was that complement activation measured by soluble C5b-9 

(sC5b-9), the final activation product that should be completely blocked by the antibody, 

increased similarly in the treatment and the placebo groups [31] leading to discussion whether 

a too low dose of the anti-C5 drug had been used.  

 

The tick derived, specific C5 inhibitor coversin (Ornithodoros moubata Complement Inhibitor, 

OmCI), prevents equally efficiently the cleavage of C5 in humans and pigs [32] [6]. The 

potency of coversin in inhibiting C5 in comparison to the clinically used C5 inhib itor 

eculizumab, which has been derived from the same clone as its predecessor pexelizumab [43], 

is not known. Additionally, coversin also has an internal binding pocket for leukotriene B4 

(LTB4) [39], an arachidonic acid metabolite thought to play a role in myocardial IRI [25]. 

However, the magnitude and effect of LTB4 binding on the physiologic effects of coversin are 

uncertain. 

 

We hypothesized that the C5 inhibitor coversin could reduce infarct size and improve 

myocardial function in a clinically relevant porcine model of acute myocardial infarction.  
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Material and Methods 

Animal preparation 

The ethics committee of the Norwegian Food Safety Authority approved this study in pigs 

(approval number: 68/11-3811) and all experiments were performed in concordance with the 

guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals 

used for scientific purposes. Housekeeping, anaesthesia, euthanasia, and recording of 

hemodynamic and respiratory parameters were performed in accordance to ARRIVE guidelines 

as shown in table (Online Resource 1) and as reported previously [5]. Briefly, anaesthesia was 

induced in twenty-one 20 kg pigs by intramuscular ketamine (800 mg), azaperone (80 mg), 

atropine (1 mg) followed by intravenous (iv) pentobarbital 1-3 mg kg-1 and maintained using iv 

morphine 1-2 mg kg-1 h-1 and isoflurane 1.0-1.5% in oxygen/air mixture. After sternotomy, a 

silastic occluding tape was placed around the left anterior descending (LAD) coronary artery 

distal to the second diagonal branch allowing reversible complete occlusion. Microdialys is 

catheters (CMA 71, 100 kDa cut-off, 2 cm membrane, 1 µl min-1 flow, M Dialysis, Solna, 

Sweden) were placed in the LAD dependent area and in a control region supported by the left 

circumflex artery (Cx).  

Experimental protocol

Ischemia was induced for a total of forty minutes by LAD occlusion, except for sham animals. 

Twenty minutes prior to reperfusion, sixteen animals were randomized to treatment with 

coversin or saline (NaCl 0.9%, placebo group), n=8 in each group. Coversin (Akari 

Therapeutics Plc, London, UK) has a plasma half-live of about 30 h due to stable binding to C5 

[18] and was diluted in saline. It was given as a 1 mg kg-1 bolus, and followed by a continuous 

infusion of 0.036 mg kg-1 h-1 [5]. The control group and the three sham animals received the 

same amount of saline without coversin. Fifteen minutes before euthanasia, iv magnetic 
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resonance imaging (MRI) contrast agent gadoteric acid (0.4 mM kg-1, Dotarem, Guerbet, Paris, 

France) was given [34]. Just before euthanasia, LAD was re-occluded and iv Evans Blue (2% 

in 40 ml phosphate buffered saline, Sigma Aldrich, St. Louis, MO) was given to delineate the 

area at risk (AAR). Euthanasia was carried out by iv injection of pentobarbital (500 mg), 

morphine (30 mg), and potassium chloride (50 mmol). After euthanasia, the heart was excised 

and rinsed in ice-cold saline. 

 

Arterial blood samples were obtained prior to surgery, after stabilization prior to induction of 

ischemia, at the end of 40 min of ischemia, and every hour throughout the reperfusion period. 

Samples were taken for blood gas analysis, serum, and EDTA-plasma preparation and were 

immediately cooled and centrifuged prior to storage at -800C. Microdialysis samples and 

thermal dilution cardiac output were obtained at the same time-points. After euthanizat io n, 

tissue samples were taken from the center of the Evans blue free area (AAR), at the border of 

the Evans blue free area (border zone) and in the Evans blue stained Cx region (control area) 

and snap-frozen in approximately 1 ml OCT™ (Sakura Finetek Europe, Zoeterwoude, the 

Netherlands) prior storage at -800C. 

 

Infarct size assessed by magnetic resonance imaging 

After tissue sampling, air-filled balloons were placed in the left and right ventricle. MRI 

analysis was performed using a 3 Tesla scanner (Philips, the Netherlands). T1-weighted images 

(3D FFE, TR/TE = 5.4/2.3 ms, flip angle 35°, BW = 434 Hz, 125 slices and scan duration = 

02:15) with a measured isotropic resolution of 0.8 mm covering the entire heart were acquired 

using a quadrature head coil. Additionally, T1 measurement sequence was performed (Look 

Locker sequence: T1w TFE with “shared” inversion pulse, TR/TE = 2.3/4.3 ms, flip angle = 
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3°, inversion delay = 38.4 ms, phase interval = 65.5 ms, BW = 853 Hz, SENSE factor 2, 

isotropic resolution of 1mm), and T1 maps were reconstructed using NordicIce 

(NordicNeuroLab, Bergen, Norway). The segmentation of the infarcted volumes was done in 

OsiriX [37]. T1map was used to discriminate infarcted areas with the 3D region-growing tool 

(threshold of 400). The used threshold lead to inclusion of pericardium and endocardium as 

well but as the amount is comparable and small in all groups and subjective manual processing 

would have been necessary, we did not subtract it from the total infarcted volume. Infarction 

size (ml) was determined in T1 weighted images and compared to the total left ventricular 

volume.  

Infarct size assessed by histological staining 

After MRI, the left ventricle was cut in 5 mm thick slices. The non-stained AAR was dissected 

and immersed in tetrazolium chloride (TTC, 1% in phosphate buffered saline, Sigma Aldrich, 

St. Louis, MO) at 38 C for 20 min. Slices were placed in 4% formaldehyde solution (Histolab 

Products AB, Gothenburg, Sweden) on ice for 30 min prior to digital scanning. Infarct size was 

determined as percentage of AAR as described previously [20] using Photoshop CS5 (Adobe 

Systems Software Ltd., Ireland). 

Echocardiography 

Systolic left ventricular function was assessed by echocardiography from a four-chamber view 

prior to ischemia and at the end of the reperfusion period (GE Vivid 7, Horton, Norway). Peak 

systolic velocity and systolic displacement of the mitral plane were obtained from pulse 

Doppler echocardiography and averaged from the septum and the lateral wall (Echopac PC 

Version 112, GE Vingmed Ultrasound, Horten, Norway).  
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Immunofluorescence analysis 

The snap-frozen tissues were cut into 5 m thick sections, air-dried for 60 minutes and fixed 

with cold acetone for 10 minutes. They were either processed immediately or stored at -80°C 

until further analysis. Then, after hydration, the sections were stained using a two-step indirect 

immunofluorescence technique. For E-selectin, the following primary and secondary antibodies 

were used: mouse anti-human E-selectin (Sigma, St. Louis, MO) and goat anti-mouse IgG-

Alexa546 (Molecular probes, Carlsbad, CA, USA). The antibodies used for Fibrinogen- like 

protein 2 (FGL-2) were rabbit anti-FGL2 (Aviva Systems Biology Corp, San Diego, CA) and 

sheep anti-rabbit IgG-Cy3 (Sigma, St. Louis, MO, USA). A nuclear staining was performed 

using 4’,6-diamidino-2-phenylindole (DAPI; Sigma, St. Louis, MO). A fluorescence 

microscope (DMI4000B; Leica, Wetzlar, Germany) was used to analyse the slides and the 

quantification of fluorescence intensity was performed using Image J software, version 1.50 

(https://rsb.info.nih.gov/ij/) on TIFF images. All pictures were taken under the same conditions 

to allow for correct quantifications and comparison of fluorescence intensities.  

 

In vitro assessment of complement inhibitory effects of coversin and eculizumab 

Human and porcine whole blood samples anticoagulated with lepirudin (Celgene, Marburg, 

Germany) were pre-incubated with coversin or eculizumab (Alexion Pharmaceuticals, CT) in a 

twofold serial dilution (final concentrations of 1.6, 0.8, 0.4, 0.2 and 0.1 µM) or PBS for the 

uninhibited control in sterile polypropylene tubes for 5 min at 37°C. Subsequently, blood 

specimens were stimulated with zymosan at a final concentration of 50 µg/ml, or PBS for the 

negative control. After 30 min, the reaction was stopped by adding EDTA (final concentration 

10 mM), samples centrifuged (3000 g, 15 min, 4°C). The resulting plasma was stored at -80°C 

before analysis of C5b-9. Human and porcine serum samples were pre-incubated with coversin 

or eculizumab in a twofold serial dilution (final concentrations of 3.2, 1.6, 0.8, 0.4, 0.2 and 0.1 
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µM) or PBS for the uninhibited control in sterile polypropylene tubes for 5 min (room 

temperature) before analysis for functional complement activity. 

 

Functional complement activity and C5b-9 (TCC)  

Commercially available enzyme immune assay (Complement System Screen Wieslab; Euro 

Diagnostica, Malmö, Sweden) and murine anti-human C5b-9 antibody (clone aE11, Dako, 

Glosstrup, Denmark) were used according to manufacturer’s instructions to detect functiona l 

complement activity and sC5b-9 production in plasma, respectively. Both methods detect the

respective human and pig epitopes [41]. In tissue, the membrane form of C5b-9 was visualized 

in frozen sections from the AAR, border zone and control area. Tissue samples were incubated 

for 30 min at room temperature using the murine anti-human C5b-9 antibody (clone aE11, 

Dako, Glostrup, Denmark) diluted 1/25 in Dako antibody diluent (Dako K8006, Glostrup, 

Denmark), washed in phosphate buffered saline and stained by Ventana ultra View Universa l 

DAB Detection Kit (Ventana Medical Systems, Inc., Tucson, AZ) according to the 

manufacturer’s instructions. A Nikon Eclipse E1000M microscope was used and photos were 

obtained with original 40 X magnification. 

Myocardial metabolism and inflammation

Microdialysis fluid from the AAR and control Cx region and EDTA plasma was assessed for 

inflammatory mediators interleukin (IL)-1 , IL-6, IL-8, IL-10, and TNF using a porcine 

multiplex cytokine assay on a Bio-Plex 100 system (Bio-Rad, Hercules, CA) as previously 

described [9]. LTB4 from plasma and myocardial tissue was measured using a competitive 

enzyme immunoassay according to the manufacturer’s instructions (R&D systems, Minnesota, 

MN). 
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Markers of cardiac injury 

Serum troponin-T levels were determined at the institutional clinical laboratory (Modular E170, 

Roche Diagnostics, Switzerland). Plasma heart fatty acid binding protein H-FABP levels were 

measured by ELISA in accordance to manufacture’s instruction (Hycult Biotech, Uden, The 

Netherlands).  

Statistics 

Investigators were blinded to the treatment during the experiments and all analyses. 

Two animals died immediately after reperfusion due to ventricular fibrillation (one coversin 

and one placebo treated animal) and were excluded. Thus, functional complement activity was 

analysed in 16 animals subjected to LAD occlusion and three sham-operated animals. Complete 

inhibition of all three complement pathways by coversin treatment was confirmed in all 

animals, except for one, which was excluded after statistical confirmation of outlier behaviour 

(Grubbs’ test, p < 0.05). Thus, 15 animals (seven coversin and eight control animals) were used 

in all further analyses if not stated otherwise. 

 

Two animals (one coversin and one control animal) had significantly smaller AAR determined 

by Evans Blue staining due to anatomical variations of the LAD and were therefore excluded 

from MRI analysis. Microdialysis catheters ceased function before 120 min of reperfusion in 

two coversin and one control animal and statistical comparison was therefore done with five 

and seven animals, respectively. 

 

If not stated otherwise, values are presented as mean  standard deviation (SD). Values obtained 

for coversin treated and control animals were compared at defined time points using Mann-

Whitney U test. 2-way ANOVA was used if more than two groups had to be compared. Linear 
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mixed effect model (intervention as fixed effect and subject number as random effect) was used 

to compare groups throughout the whole study period. Multiple comparisons were post-hoc 

Bonferroni corrected. The Pearson correlation coefficient was calculated to compare infarct 

sizes determined by TTC and MRI. Statistical analyses were performed using SPSS 22 (IBM, 

Armonk, NY, USA) and GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). 
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Results 

Effect of coversin on myocardial infarction size 

Evaluation by histological staining. Myocardial ischemia and reperfusion led to an average 

infarct size of 49.4%  14.2% (mean  SD, necrotic tissue as % of the AAR) in the control 

group. Coversin treated animals showed an infarct size of 30.1%  14.0% of the AAR, 

representing a significant reduction of 39% as compared to controls (p=0.03, fig. 1a and b). The 

AAR was comparable between coversin treated and control animals as determined by Evans 

Blue staining (21.2  6.4% and 25.5  5.5% of left ventricular volume, respectively; p = 0.12, 

data not shown). 

 

Evaluation by post mortem MRI. Infarcted volume in the left ventricle was decreased from 21.1 

 2.4 % in placebo treated animals to 17.2  2.7 % in coversin treated animals as determined 

by MRI (19% reduction, p=0.02, fig. 1c and d). Infarction determined by TTC staining and 

magnetic resonance imaging were highly correlated (R=0.92, p < 0.01, Online Resource 2).  

 

Sham operated animals, in which the LAD was not ligated, did not reveal any signs of 

myocardial ischemia nor infarction evaluated by histological staining and MRI. Also in all other 

analysis reported in this study, sham treated animals were consistently stable at baseline levels 

throughout the study period and are therefore not reported in further results. 

Effect of coversin on myocardial function 

Myocardial function was measured by tissue Doppler echocardiography, whereas cardiac 

output and stroke volume were measured by thermal dilution at start and end of the experiment 

(fig 2). Peak systolic velocity was 29% higher in the coversin treated animals than in the 

controls (4.6  1.1 cm sec-1 and 3.3  0.7 cm sec-1, respectively; p = 0.01, fig. 2a). Likewise, 



 

14 

 

systolic displacement was 31% higher in coversin treated animals than in controls (7.4  1.3 

mm and 5.1  0.7 mm, respectively; p < 0.01, fig. 2b). Stroke volume was 16% higher in the 

coversin treated animals than in the controls (23.4  3.4 ml and 19.5  2.4 ml, respectively; p = 

0.01, fig. 2c). Cardiac output showed a non-significant trend to higher values in coversin treated 

animals compared to the controls (2.7  0.4 L/min and 2.3  0.2 L/min, respectively; p = 0.09, 

fig. 2d). 

Effect of coversin on local myocardial inflammation 

Microdialysis. The inflammasome-related IL-1  was increased at the end of reperfusion in the 

AAR only and this increase was significantly blunted by coversin treatment (fig. 3). IL-6 and 

IL-8 increased during reperfusion, both without significant effect of coversin treatment, while 

IL-10 and TNF did not increase form baseline levels (data not shown).  

 

Immunofluorescence. In control animals, myocardial ischemia and reperfusion led to increased 

expression of E-selectin in the border zone of the AAR, while E-selectin in both the infarcted 

center of the AAR and Cx control region was not changed (fig. 4, left panels). Coversin 

significantly reduced the E-Selectin expression in the border zone (fig. 4 middle and right 

panels). FGL-2 was increased in the infarcted center of the AAR and the Cx control region in 

comparison to sham treated animals without a significant effect of coversin (data not shown).  

 

Systemic and local myocardial effect of coversin on complement and LTB4 

Complement activity was measured at all time points throughout the experiment. Coversin 

completely ablated complement activity measured via all the three complement activation 

pathways throughout the reperfusion period, whereas the activity remained unchanged in the 

placebo group (fig. 5a-c). Coversin treatment significantly reduced sC5b-9 to levels below 
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baseline, in contrast to the placebo group and consistent with complete inhibition of termina l 

complement (p<0.01, fig. 5d). Dense deposition of the C5b-9 complex in placebo treated 

animals was observed in the AAR, in the border zone, and to a lesser extent in the non-ischemic 

control region (fig. 5e, left panels). Coversin treatment almost completely prevented C5b-9 

deposition in AAR, the border zone, and non-ischemic control region (fig. 5e, right panels). 

 

Plasma LTB4 concentrations during reperfusion were lower in coversin treated animals but not 

significantly different from placebo (p=0.07, fig. 6a). Myocardial LTB4 concentration was not 

affected by treatment in AAR, border zone, nor non-ischemic control region (fig. 6b). 

 

Systemic effect of coversin as assessed by plasma analyses  

Plasma troponin T and H-FABP increased in both the placebo and coversin groups during the 

reperfusion period confirming myocardial cell damage during the ischemic event (fig. 7). Lower 

troponin T and H-FABP values were obtained in coversin treated animals in comparison to 

control animals throughout the reperfusion period without reaching significance, though a trend 

for lower values was observed for H-FABP (p=0.07, fig. 6b).  

 

Plasma concentrations of IL-1 , IL-6, IL-8, IL-10 and TNF remained at baseline levels 

throughout the study period (data not shown).  

 

Comparison of coversin and eculizumab on complement activation 

Coversin, but not eculizumab, effectively inhibited functional complement activity in porcine 

serum (fig. 8a-c), while both were equally effective in human serum (fig. 8e-g). Simila r ly, 

formation of the fluid phase sC5b-9 by the complement activator zymosan in porcine whole 
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blood was efficiently inhibited by coversin, but not eculizumab (fig. 8d). Both inhibitors were 

again equally effective in human whole blood where they completely prevented zymosan-

induced sC5b-9 formation (fig. 8h).  
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Discussion 

In this porcine study of myocardial IRI, C5 inhibition by coversin prior and during reperfusion 

significantly reduced infarct size and improved ventricular function. Complete blockade of 

terminal complement pathway by coversin was revealed by lack of systemic complement 

activity in plasma and abolished deposition of C5b-9, which was extensive in the AAR in the 

control group. Finally, IL-1β and E-Selectin expression in the AAR were significantly reduced 

by coversin.  

 

Targeting the complement system at the terminal stage preventing C5 cleavage is a reasonable 

approach as proximal complement activity is left unaffected and thus important 

immunoprotective and immunoregulatory functions exerted particularly by C3 are preserved 

[12]. End products of complement activation are C5a and C5b-9. Membrane bound C5b-9 

induces inflammatory responses in the course of IRI by platelet and endothelial cell activation 

accompanied by leukocyte infiltration [11]. The potent anaphylatoxin C5a is regarded as a 

crucial factor in myocardial IRI [4, 24]. In our study, the detrimental effects of C5 cleavage 

were prevented resulting in protective effect on both infarct size and myocardial function. It is 

noteworthy that comparable porcine studies where C5a effect was diminished by C5a receptor 

antagonism [45] or a C5a monoclonal antibody [1] showed less protection of the AAR and no 

effect on ventricular function. This highlights the importance of C5b-9 in myocardia l 

reperfusion injury, while improvement of ventricular function confirms the physiologica l 

relevance of our findings. However, specific effects of coversin on myocardial function need 

to be investigated in studies observing long-term effects after myocardial IRI.  

 

Leukotrienes are important multifunctional mediators of inflammation and promote neutrophil 

chemotaxis and adherence to capillary walls [48]. LTB4 is expressed on leucocytes after 
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myocardial IRI [36], gets elevated in plasma in the course of myocardial infarction [42] and has 

been shown to be able to discriminate between cardiac and non-cardiac chest pain [26]. 

Coversin has an internal binding pocket capturing LTB4 and C5-inhibition prevents LTB4 

formation [5]. In the present study, LTB4 in plasma did not significantly increase in the course 

of ischemia nor during reperfusion in placebo treated animals. This may be related to the short 

reperfusion time of 4 hours in this study, as a doubling of LTB4 in humans appears during the 

first 24 hours after acute myocardial infarction, probably in the course of endothelial cell 

activation [42]. However, neither plasma nor myocardial LTB4 concentrations were affected 

by coversin treatment indicating a negligible effect of coversin on LTB4 in this model. 

Furthermore, selective LTB4 blockade has only exhibited minor effects on myocardial IRI in 

rodents [8]. These findings indicate that the main coversin related effects observed in this study 

could be attributed to C5 inhibition, while LTB4 inhibition might add to the effect of C5 

inhibition in long-term studies. 

 

Large clinical studies have explored the efficacy of C5 inhibition using pexelizumab, a 

monoclonal antibody blocking C5 cleavage, on the outcome of myocardial infarction treated 

with thrombolysis [30] and percutaneous coronary intervention [15, 23]. These studies did not 

demonstrate convincing beneficial effects and several questions have arisen in the aftermath. 

Firstly, the dosing regimen of pexelizumab was only tested once, yet this has been decisive for 

dosages in subsequent studies [15]. Secondly, complement activity was insufficiently inhib ited 

in both studies, and blood samples from the last trial revealed a similar increase in the formation 

of sC5b-9 in both placebo and treatment group [31]. This supports the notion that full inhibit ion 

of C5 is necessary to effectively reduce the harmful effects of complement activity in the heart. 

Ideally, coversin should have been compared to the formerly used pexelizumab or todays 

clinically used eculizumab, which all inhibit cleavage of C5 at different binding sites [27]. 
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However, pexelizumab and eculizumab are monoclonal antibodies with specificity for human 

C5 only [10] and we have shown that they do not interact with porcine C5. In this study, 0.85 

µM coversin was used. In the clinical trials, 1.2 µM pexelizumab was used [14], which is 

equivalent to 0.6 µM eculizumab because of the double-binding property of the antibody 

eculizumab in contrast to the single-chain variant pexelizumab [38]. Thus, slightly higher doses 

of inhibitors were used in this study compared to the clinical studies, which may explain the 

successful prevention of reperfusion injury in this study but more importantly add evidence to 

the assumption that the pexelizumab dose may have been too low in order to achieve full C5 

inhibition. Thirdly, administration of the C5 inhibitor in the clinical studies was probably given 

too late, only minutes prior to reperfusion in the hospital [23]. Therapy aiming at reduction of 

myocardial reperfusion injury should be initiated as early as possible after diagnosis of ischemia 

[22].  In this study, we aimed to mimic the clinical situation and initiated coversin treatment 

with a considerable time-gap prior to reperfusion. This is comparable to the clinical situation 

when medical treatment is started at the time of diagnosis in the prehospital setting with a time-

gap prior to interventional reperfusion therapy. This approach should be easily transferrable to 

clinical trials. 

 

Coversin treatment abolished IL-1  induction, which is cleaved in the inflammasome from 

inactive proIL-1  and is regarded as an inducer of sterile inflammation in myocardial IRI  [46]. 

Interestingly, C5 activation and membrane bound C5b-9 have been shown to directly activate 

the inflammasome [29, 33], suggesting that reduced cell death and significant reduction of IL-

1  observed in the present study is related to C5-inhibition. E-Selectin is essential for leukocyte 

recruitment, is a good marker of endothelial cell activation and the expression is IL-1  

dependent [33]. Thus, the observed reduction in E-selectin expression in the border zone of the 
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AAR in the present study might be caused by C5 inhibition through IL-1 , explaining the 

reduced reperfusion injury. The lack of significant increase in the rest of the cytokines might 

be explained by the short reperfusion time, as generation of cytokines is time-dependent and 

additionally affected by the limited recovery in microdialysis [28]. 

 

Pigs do not possess coronary collaterals, while humans experiencing myocardial ischemia often 

do. To compensate for this limitation, we therefore adopted the length of the occlusion period 

in this study (40 min) to a comparable length of four hours of infarction in man [17]. Isoflurane 

was used as anaesthetic agent in this study, although the cardioprotective properties of 

isoflurane are known. We chose this gas as it confers myocardial stability. Both groups received 

identical amounts of isoflurane and the infarction size in the positive control group was 

considerable and comparable to similar studies in pigs [7]. Thus, the results obtained by 

coversin treatment appear coversin and not isoflurane mediated. Duration of treatment was 

relatively short with 4 hours of reperfusion and conclusions about long-term myocardia l 

complement activation, function and effect of coversin on LTB4 can therefore not be made. 

Thus, a pig closed-chest study with longer periods of treatment, reperfusion and observation 

should be performed prior to clinical trials investigating coversin in myocardial IRI [13, 40]. 

The trend to lower troponin-T and H-FABP levels during reperfusion in combination with 

reduced infarct size in coversin treated animals indicate that indeed myocardial IRI was reduced 

by coversin. 

 

Pigs are regarded as one of the most translatable animal models in myocardial IRI research. 

Additionally, coversin has the same C5 binding characteristics in humans and pigs and coversin 

is already in clinical use in one eculizumab resistant patient as well as in phase Ib and II clinica l 

trials (Clinicaltrials.gov NCT02591862 as well as producer’s webpage akaritx.com). Thus, the 



 

21 

 

approach outlined in this study including the dosing regimen might be directly transferable to 

a clinical study investigating myocardial IRI when the long-term effects of coversin on 

myocardial cell survival and function as discussed above have been elucidated, complying with 

the proposed outline of future clinical studies targeting reperfusion injury in patients with 

myocardial infarction [16, 19]. 

 

In conclusion, we show in this clinically relevant model of myocardial IRI that complement 

inhibition of C5 reduces infarction size, possibly through reduction of IL-1 and E-selectin, 

and improves ventricular function. Accordingly, on the basis of concerns with previous studies 

and the results of this study we reason that there is a need to reconsider the use of complement 

inhibition especially at the level of C5 in clinical myocardial infarction.  
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Figure legends 

Fig. 1 – Coversin reduced infarction size 

(a) Coversin (C5 inhibitor) reduced infarction in the area at risk (AAR) by 39%, p=0.03 

determined by TTC staining. (b) TTC staining of the AAR (example slices from one animal in 

each group) shows infarcted areas in white and non-infarcted areas in red. (c) Coversin reduced 

infarction in the left ventricle by 19%, p=0.02 determined by gadolinium stained magnetic 

resonance imaging (MRI). (d) Transversal (first row) and frontal (second row) T1-weighted 

MRI images of the same animals shown in panel B with shaded right ventricle as only the left 

ventricle was analyzed. White area and black area within white area depict infarction and non-

perfused infarction, respectively. Horizontal line denotes mean (n = 8 (placebo) and n = 7 

(coversin)). Mann-Whitney U-test. LV; left ventricle 

Fig. 2 – Coversin improved myocardial function 

Tissue Doppler echocardiography was evaluated from the mitral plane and averaged from septal 

and lateral wall movements. Open bars represent control and filled bars coversin treated 

animals. Systolic velocity was reduced at four hours after reperfusion in both groups but was 

29%, p = 0.01 higher in coversin compared to control animals (a). Likewise, systolic 

displacement was 31%, p < 0.01 higher in coversin treated animals in comparison to placebo 

treated animals (b). Thermal dilution derived stroke volume (c) was 14%, p = 0.01 higher, while 

cardiac output (d) showed a trend of 16%, p = 0.09 increase in coversin treated animals. Values 

presented as mean ± SD (n = 8 (placebo) and n = 7 (coversin)). Mann-Whitney U-test 

Fig. 3 – Coversin reduced local myocardial IL-1  production 

IL-1  obtained by microdialysis was induced in the area at risk (AAR) and not the control 

region after four hours of reperfusion. Coversin treatment (filled bars) significantly reduced IL-
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1  in the AAR by 80% in comparison to placebo treated animals (open bars). Values presented 

as mean ± SEM (n = 7 (placebo) and n = 5 (coversin)). Two-way ANOVA with post-hoc 

Bonferroni correction for multiple testing 

Fig. 4 – Coversin reduced E-selectin expression 

Myocardium was stained with antibody against E-selectin. E-selectin expression was increased 

in placebo treated animals in the border zone of the AAR and unchanged in the center of the 

AAR and non-ischemic Cx control region (left panels). Coversin treatment led to significant 

decrease of E-selectin, expressed by reduced density of staining (middle and right panels). 

Horizontal line denotes mean (n = 8 (placebo) and n = 7 (coversin)). Mann-Whitney U-test 

Fig. 5 – Coversin eliminated complement activity 

Complement activity was assessed in plasma and the classical (a), lectin (b) and alternative 

pathway (c) were monitored using C5b-9 deposition as common readout. Coversin bolus 

treatment during coronary ischemia led to significantly reduced complement activity in all 

pathways (filled circles) and was not affected in control animals (open boxes). Complement 

activity remained low in all three pathways throughout the reperfusion period until the end of 

the experiment. Consequently, the plasma soluble complement activation product sC5b-9 was 

significantly reduced in plasma of coversin treated animals in comparison to controls (d). 

Myocardium was stained with an antibody against C5b-9 (e). Visually, deposition of C5b-9 

(brown) was markedly decreased in the area at risk, the border zone and the non-ischemic 

control region in coversin treated animals in comparison to placebo treated animals. a-d; Values 

presented as mean  SD (n = 8 (placebo) and n = 7 (coversin)). Linear mixed effect model.  

CAU; Complement Arbitrary Units. e; Results of two representative animals are shown 
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Fig. 6 – Coversin did not reduce LTB4 

(a) LTB4 was assessed in plasma throughout the study period. LTB4 showed a non-significant 

trend to lower values during reperfusion in coversin treated animals compared to placebo. LTB4 

in myocardial tissue from three different regions at the end of the experiment was not affected 

by Coversin treatment (filled bars) in comparison to control (open bars) (all p>0.1). Values 

presented as mean  SD. (a); linear mixed effect model, (b); Two-way ANOVA with post-hoc 

Bonferroni correction for multiple testing  

Fig. 7 – Coversin did not significantly decrease plasma markers of myocardial ischemia 

Troponin T (a) and H-FABP (b) were detected in plasma throughout the study period. 

Myocardial ischemia lead to an increase in troponin T and H-FABP in both control (open boxes) 

and coversin treated (filled circles). Coversin treated animals showed a trend towards lower H-

FABP levels throughout the whole reperfusion period without reaching significance in 

comparison to control animals (troponin T: p = 0.39; H-FABP: p=0.07). Values presented as 

mean  SEM (n = 8 (placebo) and n = 7 (coversin)). Linear mixed effect model 

Fig. 8 – Coversin, but not eculizumab, inhibits porcine complement activation 

Complement inhibitory effect of coversin (filled circles) and eculizumab (open circles) were 

assessed in the functional classical (a, e), lectin (b, f), and alternative pathway (c, g) assays in 

porcine (a-c) and human (e-g) serum using percentage of solid phase C5b-9 deposition as 

readout. Porcine (d) and human (h) whole blood was incubated with the complement activator 

zymosan and the effect of the inhibitors was examined using the soluble sC5b-9 complex as 

readout. Coversin, but not eculizumab, effectively inhibited porcine complement activity in a 

dose dependent manner, and was effective at the calculated in vivo concentration of 0.8 µM 

used in this study. Human complement activity was effectively inhibited by both inhibitors in 

a dose dependent manner. Complement activity of all three pathways was analyzed in duplicates 
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and plasma from zymosan activated whole blood samples was analyzed in triplicates. CAU; 

complement arbitrary units, neg ctr; negative control, sC5b-9; soluble C5b-9 
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Abstract 

Background: Antiphospholipid syndrome in pregnancy may trigger the life-threatening 

catastrophic antiphospholipid syndrome. Complement activation is implicated in the 

pathogenesis, and inhibition of complement factor C5 is suggested as an additional treatment 

option.  

Methods: We present a pregnant patient treated with the C5-inhibitor eculizumab due to high 

risk of developing devastating antiphospholipid syndrome-related complications. The 

complement inhibitory effects of the treatment were examined both in the patient and the 

premature infant. 

Results: Complement activity in the mother recovered considerably faster than anticipated, 

however no new thrombosis or catastrophic antiphospholipid syndrome developed during the 

last week of pregnancy or postpartum. Blood sampling from the umbilical vein and artery, and 

from the infant after delivery, showed low complement activity, however only 0.3% of the 

eculizumab concentration detected in the mother, consistent with low placental passage of 

eculizumab.  

Conclusion: The data underscore the importance of close monitoring of complement inhibition 

and individualizing dosage regimens in pregnant patients receiving eculizumab. We document 

how traditional functional complement activity tests cannot assess the effect of eculizumab in 

premature infants due to the very low levels of complement factors detected in this infant born 

in gestational week 33. Only trace amounts of eculizumab passed the placenta. In conclusion, 

complement C5 inhibition might be a safe candidate treatment option for antiphospholipid 

syndrome during pregnancy and delivery, and additionally, enables prolongation of pregnancy 

with important weeks.   
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Introduction 

Antiphospholipid syndrome (APS) is characterized by arterial, venous or small-vessel 

thrombosis and/or pregnancy morbidity in the presence of persistent antiphospholipid 

antibodies (anti-cardiolipin antibodies, anti-beta2 glycoprotein 1 antibodies and lupus 

anticoagulant)1. Although the pathogenesis is not fully understood, the binding of 

antiphospholipid antibodies to β2 beta2 glycoprotein 1  promotes endothelial cell activation 

determined by upregulation of adhesion molecules, tissue factor and production and secretion 

of proinflammatory cytokines, which enhance the risk of thrombosis formation 2. 

Complement appears to play a significant role in the pathophysiology based on both in vitro 

and in vivo studies 3-5. Catastrophic APS (CAPS), although rare, is a devastating and life-

threatening syndrome featured by multi-organ thrombosis. Infection, surgery, pregnancy and 

puerperium are identified triggers of CAPS 6,7. Current treatment options in addition to 

anticoagulation are glucocorticoids, plasma exchange or intravenous immunoglobulins, 

however, case reports have reported that inhibition of complement may be lifesaving 8-10.  

 

Case Report 

A 22-year-old primigravida was admitted to hospital in the second trimester with painful 

ulcerations of ischemic origin in her right leg. Barely 14 years old, she developed her first 

episode of lower limb arterial thrombosis which was treated with bypass grafting and digital 

amputations. No arteriosclerosis or vasculitis was detected and she was diagnosed with 

antiphospholipid syndrome (APS), fulfilling the Sydney criteria 1 with persistent triple 

positive anti-phospholipid antibodies: anti-cardiolipin IgG 205 GPL-U/L (ref. < 10 GPL-

U/L), anti-beta 2 glycoprotein 1 IgG 125 U/mL (ref. < 10 U/mL) and positive lupus 

anticoagulant 2.41 (ref. < 1.3 Silica Clotting time). Lifelong warfarin treatment was 

commenced. A recurrent episode of thrombosis was treated with percutaneous transluminal 

angioplasty and an episode of microemboli resolved with intensified anticoagulant treatment.  

 

In conjunction with pregnancy, warfarin was substituted with low molecular weight heparin 

adjusted up to 10000 IU twice daily (anti factor Xa levels of 0.9 – 1.1 IU/mL) and low dose 

aspirin (75 mg daily). Ischemia was treated conservatively with analgesia in addition to 

anticoagulation therapy and pregnancy was monitored by regular ultrasounds following fetal 

growth and placental function.  
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Based on her multiple previous arterial thromboses and ongoing ischemia during pregnancy, 

the risk of developing catastrophic APS (CAPS) in relation to pregnancy, delivery and 

puerperium was considered significant. Ruffatti et al. published data suggesting that addition 

of second line therapy increases live-birth rates in high risk pregnant patients with APS, 

although no guidelines are currently available on the ideal treatment strategy 11. Previous 

experience with the efficacy of the complement C5 inhibitor eculizumab in treatment of 

CAPS and described safety in pregnancy 8,12,13 prompted the choice of eculizumab. Thus, 600 

mg of eculizumab was administered eight days before delivery (day 0) in addition to 

prophylactic antibiotics. Serum (prepared by drawing whole blood into empty tubes, left for 

clotting 60 min followed by centrifugation 15 min, 3500 g, 4˚C) and 

ethylenediaminetetraacetic acid (EDTA) plasma (prepared by drawing blood into K2EDTA 

tubes, followed by immediate centrifugation 15 min, 3500 g, 4˚C) samples were obtained 

from the patient before and at several time points after eculizumab administration and 

analyzed directly or stored at -70˚C. Complement activity in plasma (Total Complement 

System Screen, WIESLAB®, Malmo, Sweden) decreased to zero after the first eculizumab 

infusion and remained low at day 2, however had returned to normal levels already by day 7 

(Figure 1A). E-C5 complexes in serum (enzyme immunoassay as described in 12)  increased 

from zero to 67 after the first eculizumab dose (Figure 1A). Interestingly, the patient reported 

decreased ischemic pain following the first dose of eculizumab and opioid analgesia was 

successfully reduced.  

 

A second dose of eculizumab 600 mg was infused on day 7 and a caesarean section was 

performed the following day (day 8) in gestational week 32+4, resulting in delivery of a 

healthy infant (Apgar 8/9/9) with a normal weight (1875 gram) for gestational age. Serum and 

EDTA plasma samples were obtained from the umbilical cord artery and vein by careful 

needle puncture to avoid contamination from mothers’ blood and Wharton’s jelly, directly 

after cord clamping during caesarean section. In addition, EDTA-plasma was obtained from 

the infant two hours after delivery. Samples were analyzed directly or stored at -70˚C. The 

infant’s total complement activity was <1 %, however consistent with the measured low 

complement protein concentrations (standard routine immunochemical methods, Department 

of Clinical Immunology and Transfusion Medicine, Lund, Sweden) as expected at gestational 

week 32 (Table 1)14. Umbilical and infant E-C5 complexes were 0.3 µg/mL. Concomitant 

patient E-C5 complexes were 98 µg/mL consistent with a 0.3 % placental passage of 

eculizumab (Table 1). To further support the findings of low eculizumab passage, we added 
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eculizumab (final concentration of 100 µg/ml) or purified C5 (50 µg/ml), respectively, to the 

infant serum in vitro and subsequently analyzed for E-C5 complexes. Eculizumab, but not C5, 

increased the E-C5 complex formation in infant serum substantially (Figure 1B), consistent 

with the presence of free C5 (Table 1) and negligible amounts of eculizumab. 

 

Close monitoring of the patient’s complement activity after the second dose revealed increased 

activity already after three days and again normal activity within one week (Figure 1A). The 

patient did not develop new thrombosis or CAPS during the last week of pregnancy or 

postpartum. The intervention given (eculizumab) was part of normal health care and thus ethical 

approval was neither obliged, nor sought. However, written consent was obtained from the 

patient in order to publish the case report. 

 

Discussion 

A history of thrombosis and triple positive antiphospholipid antibodies, as seen in the present 

patient, is associated with a higher risk of maternal and fetal complications in pregnant women 

with APS 11,15. Our patient demonstrated multiple risk factors and showed clinical signs of 

thrombosis despite intensive anticoagulant treatment. Additionally, the risk of peri- and 

postoperative hemorrhage due to intense anticoagulant treatment was high, while on the other 

hand, surgery and cessation of anticoagulant treatment would increase the risk of triggering 

CAPS. Consequently, additional treatment was warranted. Eculizumab has been suggested in 

several recent reports as a second line treatment option in APS and CAPS 6,8,16. Hence, a short 

term course of eculizumab was chosen before cesarean section to reduce the risk of CAPS 

triggered by delivery and puerperium. The ischemic symptoms declined following the first dose 

and no adverse effects were seen.  

 

Complement activity surprisingly increased to normal levels within seven days after both doses 

of eculizumab despite complete inhibition of complement activity after each infusion. Others 

have observed a similar requirement of an increased eculizumab dosage regimen as pregnancy 

proceeds 13. Eculizumab is distributed mainly in the plasma volume and degraded by lysosomal 

enzymes 17. However, pregnancy-induced changes of the normal physiology may influence the 

pharmacokinetics and pharmacodynamics of eculizumab, underscoring the importance of 

individual treatment monitoring. 
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Eculizumab is a monoclonal antibody based on an IgG2/4 hybrid. Data from pregnancies in 

patients with paroxysmal nocturnal hemoglobinuria treated with eculizumab suggests that the 

treatment is safe 13. We examined both arterial and venous blood samples from the umbilical 

cord, as well as a blood sample from the infant two hours after delivery. All three samples 

showed similar results, suggesting that virtually no eculizumab (approximately 0.3%) had 

passed the placenta. To our knowledge the amount of eculizumab has previously not been 

examined in preterm newborns at this stage of gestation. Collectively, these data indicate that 

the IgG2/4 chimeric structure of eculizumab largely prevents the molecule from passing the 

placental barrier.  

 

The observed complement activity of less than 1% in the infant could have been misinterpreted 

as an eculizumab effect. Eculizumab blocks cleavage of C5 and thus prevents assembly of the 

terminal C5b-9 complement complex (TCC) detected in the complement function ELISA. 

However, a normal complement activity test requires adequate levels of complement proteins 

to produce sufficient amounts of TCC for assay detection. Premature infants have low levels of 

most complement proteins 14, as did the infant in this report. The detection of merely trace levels 

of E-C5 complexes in the infant samples and the results from the in vitro assay demonstrating 

that only the addition of eculizumab, but not purified C5, could increase the E-C5 complex 

formation in infant serum, indicate that the low complement activity resulted from the low 

levels of most of the complement proteins (e.g. C4, C3, C5, C6 and C8) and was not due to the 

presence of eculizumab. Consequently, abnormal results in complement activity assays, such 

as in premature infants, must be carefully interpreted to avoid incorrect conclusions.  

 

Conclusion 

In conclusion, these results add up to the increasing body of literature stating that eculizumab 

treatment can be considered safe in pregnancy as negligible amounts pass over the placental 

barrier. Our data suggests complement inhibition as a treatment option to safely prolong 

pregnancy and reduce the risk of CAPS triggered by pregnancy, surgery and puerperium 

without affecting the infant. In addition, we stress the importance of monitoring treatment 

effects of eculizumab using reliable methods to ensure individual adequate complement 

inhibition. 
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Figure legend 

Figure 1. Complement activity and eculizumab-C5 (E-C5) complexes in a pregnant 

patient with APS and the newborn infant. A: The patient received eculizumab 600 mg day 

0 and 7 and a caesarean section was performed on day 8. Effect of eculizumab on complement 

functional activity was measured as a common readout (C5b-9 formation) for the classical 

pathway (CP), lectin pathway (LP) and alternative pathway (AP), by ELISA in patient serum 

obtained before and repeatedly after the administration of eculizumab. E-C5 complexes were 

measured by ELISA at day 0, 2 and 8 in the patient serum before and after administration of 

eculizumab. Complement activity was completely abolished by eculizumab 600 mg, however 

normalized within seven days. The increased activity was revealed after three days following 

the second dose. Consistently, E-C5 complexes showed an inverse pattern with high levels 

following eculizumab administration. B: The infant’s E-C5 complexes were measured by 

ELISA in infant serum (left column) and subsequently after in vitro challenge with purified 

complement protein C5 (50 µg/ml) (middle column) and eculizumab (100 µg/ml) (right 

column). The increased E-C5 complex formation following challenge with eculizumab, but not 

C5, is consistent with the presence of free C5 in infant serum and negligible levels of 

eculizumab. 





Table 1. Complement protein levels, complement activity and eculizumab-C5 complexes in samples 

from a pregnant eculizumab-treated patient with antiphospholipid syndrome before delivery and  

from the patient and newborn infant immediately after delivery.  

 Reference 

range (adult) 

Patient        

day 01 

Patient        

day 82 

Infant        

day 82 

C1q (%) 78-131 55 47 33 

C4 (g/L) 0.1-0.5 0.20 0.18 0.06 

C3 (g/L) 0.7-2.0 1.38 1.40 0.41 

C5 (%) 72-171 159 272 43 

C6 (%) 63-154 128 119 15 

C7 (%) 64-154 112 129 47 

C8 (%) 45-203 91 99 19 

Classical pathway activity (%) >40 100 3 0 

Lectin pathway activity (%) >10 100 11 0 

Alternative pathway activity (%) >10 28 1 0.5 

Eculizumab-C5 complexes (µg/mL)  0 98 0.3 

 
1 Day 0: day of the first dose of eculizumab (sample obtained before treatment). 

2 Day 8: day of delivery by caesarean section (day after the second dose of eculizumab).  




