
Breakdown of the 
innate immune system 
by bacterial proteases

Alexander Jacob Laarman



Breakdown of the innate immune system by bacterial proteases
PhD Thesis, University of Utrecht, the Netherlands

Print:    Gildeprint drukkerijen, Enschede, the Netherlands
ISBN:   978-94-6108-203-9
Coverdesign:   A.J. Laarman
About the Cover:  “There is nothing in a caterpillar that tells you it’s going to  
	 	 	 be	a	butterfly”	-Richard	Buckminster	Fuller-	

Copyright © 2011, A.J. Laarman, Utrecht, the Netherlands
All rights reserved. No part of this thesis may be reproduced, stored or transmit-
ted in any form or by any means without the prior permission of the author. The 
copyright of the articles that have been accepted for publication or that have been 
published, has been transferred to the respective journals. 

The studies in this thesis were financially supported by the ZonMw TOP Grant 2006: 
Innate immune evasion. Prof.dr. J.A.G van Strijp. 

Printing of this thesis was financially supported by Hycult Biotech, Infection and Im-
munity Center Utrecht, J.E. Jurriaanse Stichting, the Netherlands Society of  Medi-
cal Microbiology (NVMM) and the Netherlands Society for Microbiology (NVvM), 
Oxoid, Sanquin Blood Supply Division Reagents,  Tebu-bio.



Breakdown of the 
innate immune system 
by bacterial proteases

Afbraak van het 
aangeboren immuunsysteem 

door bacteriële proteases

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van de 
rector magnificus, prof.dr. G.J. van der Zwaan, ingevolge het besluit van het college 

voor promoties in het openbaar te verdedigen op dinsdag 4 oktober 2011 
des ochtends te 10.30 uur

door

Alexander Jacob Laarman
geboren op 29 december 1981 te Wageningen



Promotor: Prof.dr. J.A.G. van Strijp
Co-promotor: Dr. S.H.M. Rooijakkers



Voor	mijn	vader	

“It’s	not	the	things	you	don’t	know	that	fool	you.	
It’s	the	things	you	do	know	that	ain’t	so”
-Mark	Twain-



Commissie: Prof.dr. L. Koenderman
  Prof.dr. H.P. Haagsman
  Prof.dr. H.A.B. Wosten
  Prof.dr. C. van Kooten

Paranimfen: Maartje Ruyken
  Willemien van Rooijen



Chapter 1  General introduction       9
  Innate immune inhibition by pathogens: molecular 
  mechanisms and therapeutic implications
  Partly	published	in	
	 	 Journal	of	Molecular	Medicine	2010;	88:115-120

Chapter 2 Staphylococcus aureus metalloprotease aureolysin              23
  cleaves complement C3 to mediate immune evasion
  Journal	of	Immunology	2011;	June	1;186(11):6445-53

Chapter 3 Pseudomonas aeruginosa alkaline protease blocks               45
  complement activation via the classical and lectin 
  pathways
  Submitted	for	publication

Chapter 4 Staphylococcus aureus Staphopain A inhibits CXCR2              63
  dependent neutrophil activation and chemotaxis
  Submitted	for	publication

Chapter 5 Efficient production of Staphylococcus aureus proteases            85
  using an autologous extracellular expression system
  Manuscript	in	preparation

Chapter 6 Summarizing discussion               101
  Specificity and biological relevance of proteases

  Nederlandse samenvatting (Dutch summary)             111

  Dankwoord (Acknowledgements)              117

  Curriculum vitae                123
  

CONTENTS



8



CH
A

PT
ER

Partly	published	in	
Journal	of	Molecular	Medicine	2010;	88:115–120

Medical Microbiology, University Medical Center Utrecht, 
The Netherlands

Alexander Laarman, Fin Milder, Jos van Strijp &
Suzan Rooijakkers

General introduction
Innate immune inhibition by pathogens: 

molecular mechanisms and therapeutic implications

ONE



10 Chapter 1

CH
A

PT
ER Abstract

The plasma proteins of the complement system are essential in the innate immune re-
sponse against bacteria. Complement labels bacteria with opsonins to support phagocyto-
sis and generates chemoattractants to attract phagocytes to the site of infection. At the 
site activated phagocytes will phagocytose, release anti microbial pepties and kill the bac-
teria. In turn, bacterial human pathogens have evolved different strategies to specifically 
impair the innate immune responses. Here, we review the large arsenal of innate immune 
inhibitors produced by the gram-positive pathogens Staphylococcus aureus and Group A 
Streptococcus, and the gram-negative pathogen Pseudomonas	aeruginosa. We discuss how 
these bacterial molecules provide us with new tools to treat both infectious and inflamma-
tory disease conditions in humans.
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The innate immune system

The innate immune system plays a critical role in our host defense against invading patho-
gens. This system consists of three different parts: (a) the complement system, (b) phago-
cytes, and (c) antimicrobial peptides. The three major functions of the complement cas-
cade in innate immunity are (1) to label pathogens or immunogenic particles with C3b and 
iC3b to facilitate phagocytic uptake via complement receptors, (2) to attract phagocytes by 
producing chemoattractant C5a, and (3) to directly lyse gram-negative bacteria through 
membrane attack complex (MAC; C5b-9) formation (Fig. 1) [1]. Complement is initiated by 
two specific recognition pathways, the classical and lectin pathway, which are amplified by 
the alternative pathway. All three pathways converge at the formation of the C3 conver-
tases. These bimolecular surface-bound enzyme complexes catalyze the key reaction in 
complement activation: cleavage of complement protein C3 into C3a, a chemoattractant 
with bactericidal activity [2–4], and C3b [5]. Convertase formation is pivotal in complement 
activation since C3b and its inactive derivative iC3b facilitate phagocytosis. Furthermore, 
the deposited C3b can form new convertases, thereby amplifying the opsonization process. 
Subsequently, the high concentrations of locally deposited C3b induce a shift in substrate 

Fig. 1 Schematic overview of the innate immune system. 
The	complement	cascade	is	activated	by	recognition	of	microbe-bound	antibodies	or	microbial	sugars	by	the	C1	
complex	(CP)	or	the	MBL-	and	ficolin-MASP-2	complex	(LP),	respectively.	Both	C1s	and	MASP-2	cleave	complement	
proteins	C4	and	C2	to	generate	 the	CP/LP	C3	convertase:	C4b2a.	The	Alternative	Pathway	 (AP)	C3	convertase	
C3bBb	is	generated	after	binding	of	fB	to	surface-bound	C3b	and	subsequent	cleavage	by	fD.	The	AP	C3	convertase	
is	stabilized	by	the	positive	regulator	human	properdin	[47,	48].	Both	C3	convertases	(C4b2a	and	C3bBb)	cleave	
C3	 into	 C3a	 and	 C3b.	 C3b	 covalently	 binds	 to	 bacterial	 surfaces,	 thereby	 amplifying	 complement	 activation	
through	formation	of	new	C3	convertases	and	contributes	to	phagocytosis,	antigen	presentation,	and	formation	
of	C5	convertases	(C4b2a3b	and	C3bBb3b).	C5	convertases	cleave	C5	into	the	anaphylatoxin	C5a,	which	attracts	
neutrophils	to	the	site	of	infection,	and	C5b,	which	forms	a	complex	with	complement	proteins	C6–C9	to	generate	
the	membrane	attack	complex.	Attracted	phagocytes	wil	roll	and	adhere	to	the	endothelium	of	the	bloodvessel	
and	subsequently	move	towards	the	underlying	tissue.		At	the	site	of	infection	phagocytes	will	recognize	the	bac-
teria	and	phagocytose	the	bacteria.	Also,	the	release	of	AMPs	and	NETs	have	anti-microbial	activity	and	contrib-
ute	to	the	extracellular	killing	of	bacteria.	
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specificity of the convertase to complement protein C5. The cleavage products of C5 are 
C5a, a potent chemoattractant, and C5b that initiates the lytic pathway. Due to the result-
ing C5a gradient and due to activation of neighbouring cells, which will release chemoat-
tractants, neutrophils migrate toward the site of infection by recognizing these chemoat-

Fig. 2 Bacterial evasion of complement recognition (A) and opsonization (B).
Illustrated	are	proteins	of	S.	aureus	 (red),	GAS	 (yellow)	and	P.	aeruginosa	 (green)	 that	modulate	complement	
recognition	and	opsonization.	A.	 To	prevent	 recognition	by	 the	 classical	 pathway,	 P.	 aeruginosa	 secretes	 two	
proteases,	AprA	and	Protease	IV,	that	cleave	C1q.	S.	aureus	expresses	the	surface	proteins	ProtA	and	Sbi.	Both	
proteins	bind	the	Fc	tail	of	IgG	preventing	its	interaction	with	FcR	on	neutrophils.	Another	mechanism	to	prevent	
recognition	is	by	inactivating	IgG,	either	directly	by	proteases	IdeS,	Mac-2,	SpeB,	AprA	and	Protease	IV,	or	indi-
rectly	by	SAK-activated	plasmin.	b	There	are	three	ways	by	which	pathogens	modulate	opsonization:	(1)	C3	cleav-
age;	directly	by	SpeB,	AprA,	Protease	IV	and	Elastase,	or	indirectly	by	SAK-mediated	activated	plasmin	ClfA	binds	
human	fI,	thereby	enhancing	C3	cleavage.	(2)	Convertase	modulation;	S.	aureus	inactivates	the	C3	convertases	by	
secreting	SCIN,	SCIN-B,	SCIN-C,	Efb,	and	Ecb.	(3)	Modulating	host	regulators;	Sbi	and	the	streptococcal	M-protein	
bind	the	negative	convertase	regulators	(human	FH,	FHL1,	C4BP,	and	CD46)	while	SpeB	cleaves	the	positive	con-
vertase	regulator,	properdin	.
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tractants with their chemokine receptors. These receptors are G-protein coupled receptors 
that upon binding of the ligand will activate and recruit the phagocyte. Activated phago-
cytes at the site will recognize the invaders. Neutrophils kill ingested particles intracellu-
larly by the production of reactive oxygen species and the release of granule constituents 
such as proteolytic enzymes and antimicrobial peptides. These peptides are also released 
into the extracellular space to kill microorganisms extracellularly [6]. Furthermore, extra-
cellular killing by neutrophils can also be accomplished by formation of neutrophil extracel-
lular traps (NETs) [61]. The released DNA form fibers embedded with antimicrobial pep-
tides, histones and cell specific proteases, which leads to degradation of virulence factors 
and killing of bacteria. Together, these events are responsible for the efficient elimination 
of invading bacteria.

It has become increasingly evident that pathogens have developed various ways to evade 
the constant attack of the innate immune system. Pathogens produce proteins that modu-
late all stages of the innate immune system. These proteins inhibit complement recognition 
and amplification, cleave complement proteins, interfere with complement receptor inter-
actions on phagocytes, mislead phagocytes or degrade AMPs. A number of reviews have 
been published on these specific topics [7–9]. In this paper, we will discuss the innate im-
mune evasion strategies of the two most important gram-positive pathogens Staphylococ-
cus aureus and group A Streptococcus (GAS), and a gram-negative pathogen Pseudomonas	
aeruginosa. Furthermore, we discuss the potential of these bacterial innate immune modu-
lators as therapeutic agents. 

Modulation of complement recognition and activation

The classical and lectin pathways of complement ensure immediate recognition of invading 
bacteria as nonself. The C1-complex (classical pathway) recognizes bacterium-bound IgG 
and IgM while mannose-binding lectins and ficolins (lectin pathway) bind bacterial sugar 
moieties.

Evade	recognition
S.	aureus expresses two surface-anchored proteins that impair IgG function (Fig. 2a): staph-
ylococcal protein A (SpA) and staphylococcal immunoglobulin-binding protein (Sbi). SpA is 
a surface protein with four or five immunoglobulin-binding repeat domains. Each domain 
can bind the Fc-part of IgG, thereby blocking the interaction with Fc receptors on neutro-
phils in vitro [10, 11]. Sbi consists of four small domains, of which two (Sbi-I and Sbi-II) can 
bind IgG [12]. Next to blocking Fc-receptor-mediated phagocytosis, Sbi has been suggested 
to block binding of C1q and subsequent activation of the classical pathway. 

Cleavage	of	opsonic	molecules
Another strategy to prevent recognition is to eliminate opsonic molecules from the bacte-
rial surface by proteolytic degradation. Staphylokinase (SAK) is a secreted protein that 
binds and activates surface-bound plasminogen into plasmin, which may enhance bacterial 
invasion through host tissues. Interestingly, it has been shown that SAK is anti-opsonic as 
well. SAK-mediated plasmin deposition on the bacterial surface can cleave IgG and C3b and 
thereby inhibit phagocytosis in vitro [13]. GAS expresses several proteases that directly 
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the asparagine-linked glycan in the CH2 domain of IgG; the IgG-degrading enzyme of S.	
pyogenes (IdeS or Mac-1), Mac-2, and streptococcal pyrogenic exotoxin B (SpeB) all cleave 
IgG in the hinge region [14, 15]. Next to cleavage in the hinge region, the serine protease V8 
of S.	aureus cleaves in antigen binding region in all Ig classes [57]. P.	aeruginosa secretes 
many proteases that have a wide substrate range some involved in innate immunity. The 
alkaline protease (AprA) degrades C1q, while Protease IV degrades both IgG and C1q  
[58,59].

Modulation of complement amplification

Formation of the C3 convertases is elemental for amplification of complement activation 
and downstream immune responses. There are three ways by which bacteria modulate this 
central step in the complement cascade (Fig. 2b):

Cleavage	of	C3
The abundant GAS protease SpeB is, next to cleaving IgG, involved in breakdown of C3. 
Comparison of wild-type GAS and a SpeB knockout showed that SpeB blocks neutrophil 
recruitment to the site of infection and subsequent phagocytosis and bacterial clearance in 
vivo [16, 17]. The major proteases of P.	aeruginosa all have been shown to degrade C3, such 
as AprA and Protease IV [58,59]. Also elastase producing strains have been associated with 
degradation of C3 [60]. The S.	aureus	surface protein clumping factor A (ClfA) can bind the 
human C3b protease factor (fI), thereby enhauncing cleveage of surface-bound C3b into 
iC3b in vitro. 

Fig. 3 Bacterial evasion of complement 
effector functions. 
Illustrated	are	proteins	of	S.	aureus	 (red),	
GAS	 (yellow)	 that	modulate	 complement-
mediated	responses.	Efb	and	Ecb	block	the	
formation	 of	 C5	 convertases	 and	 thereby	
inhibit	 C5a	 and	 MAC	 generation.	 SSL7	
binds	 to	C5	and	prevents	 the	 cleavage	of	
C5	into	C5a	and	C5b.	Rolling	by	neutrophils	
in	the	blood	vessel	 is	 inhibited	by	SSL5	by	
binding	 to	 PSGL-1.	 The	 protease	 SspB	 of	
S.	 aureus	 induce	 apoptosis	 of	 neutrophils	
by	cleaving	CD	11b	and	CD31.	Neutrophil	
influx	 and	 phagocytosis	 are	 inhibited	 by	
CHIPS,	 which	 binds	 the	 C5aR,	 and	 ScpA	
that	 cleaves	C5a.	Also	CHIPS,	FLIPr,	FLIPr-
like	and	SSL10	inhibit	neutrophil	activation	
by	binding	to	the	FPR1,	FPR2,	or	CXCR4.	SIC	
inhibits	 the	 formation	of	 the	MAC,	 the	 fi-
nal	step	in	the	complement	cascade.	AMPs	
released	by	neutrophils	are	neutralized	by	
Aur	 and	 SIC.	 The	 neutrophils	 final	 step	 is	
formation	of	NETs,	which	broken	down	by	
the	Dnase	Sda1	and	nuclease	Snase.	
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Direct	inactivation	of	C3	convertases
Convertases are the major complement target among S.	aureus immune evasion strategies. 
S.	aureus secretes five different molecules that directly inhibit these central enzyme com-
plexes. Staphylococcal complement inhibitor (SCIN) and its homologues SCIN-B and SCIN-C 
are highly effective C3 convertase inhibitors that block conversion of C3 and subsequent 
phagocytosis and C5a formation in	vitro at low concentrations [19]. The alternative path-
way C3 convertase consists of a cofactor (C3b) which is loosely bound to the protease sub-
unit (Bb). Recent structural studies revealed that the small 10-kD SCIN protein fixates the 
convertase conformation and as such hampers a critical rearrangement of the protease 
subunit Bb in relation to substrate C3 [20, 21]. The action of SCIN on the classical pathway 
convertase remains to be resolved but seems to be caused by a stabilizing mechanism as 
well [19]. Extracellular fibrinogen-binding protein (Efb) and extracellular complement-bind-
ing protein (Ecb) can modulate the alternative pathway convertase by binding to the C3b 
molecule directly [22]. The crystal structures of both molecules in complex with the C3d 
domain of C3 have revealed their exact binding sites [23, 24]. Interestingly, since the C3d 
fragment of C3 is involved in stimulation of adaptive immune responses, it was recently 
suggested that Efb functions as an adaptive immunity modulator as well [25].

Binding	or	cleavage	of	human	convertase	regulators
To protect host tissues from excessive complement activity, humans express complement 
regulators that downregulate convertase activity. A large number of pathogens express 
molecules that attract these regulators to their surface. The staphylococcal IgG-binding 
molecule Sbi has a diverse role in complement modulation. Next to its two IgG-binding 
domains, Sbi-III and IV, it can also bind to C3 [26]. Furthermore, Sbi binds the human com-
plement regulators factor H (FH) and factor H-related proteins and can form a stable tripar-
tite complex with C3 and FH [27]. Altogether, these actions result in inhibition of the alter-
native pathway in	vitro. The streptococcal M protein is a multifunctional surface molecule 
that binds four different human convertase regulators: FH, factor H like-1 (FHL1), mem-
brane cofactor protein (CD46), and C4-binding protein (C4BP). M protein consists of two 
polypeptide chains configured in an alpha-helical coiled coil complex that is anchored to 
the cell membrane via its C terminus [28–30]. From the N to the C terminus, the protein 
comprises four repeat regions: hypervariable (a), variable (b), and conserved (c and d). De-
pending on the M type, the hypervariable region can bind FH, FHL-1 [31], and C4BP [32]. By 
binding these complement regulators, M protein limits deposition of C4b and C3b increas-
ing GAS resistance to phagocytosis [33]. In vivo studies with strains expressing mutated M 
protein indicate that protein is an important GAS virulent factor [34]. Finally, SpeB also di-
gests the positive convertase regulator properdin, making the streptococci more resistant 
to neutrophil killing in vitro [35].

Modulation of the complement effector functions: inhibiting C5 activation, neu-
trophil migration and antimicrobial peptides

In the final step of the complement cascade, the C5 convertases cleave C5 to generate the 
important chemoattractant C5a that directs neutrophils to the site of infection. S.	aureus 
and GAS use various approaches to evade the C5a-mediated immune responses (Fig. 3). 
Staphylococcal superantigen-like 7 (SSL7) is a secreted protein that specifically binds to C5 
[36] and thereby prevents C5 activation into C5b and C5a in	vitro (J. Bestebroer, personal 
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[22]. These molecules elicit their immune modulating capacity by binding the C3b part of 
the C5 convertase complex. GAS uses the cell-associated peptidase ScpA to directly target 
C5a. ScpA cleaves C5a and blocks chemotaxis of phagocytes toward the site of infection 
[37]. In a mouse pneumonia model, it was shown that the ScpA knockout mutant was less 
virulent than wild-type GAS [38]. Modulation of C5a responses by S.	 aureus proceeds 
through inhibition of the C5a receptor (C5aR). The chemotaxis inhibitory protein of S.	au-
reus (CHIPS) is a 14-kD excreted protein that effectively blocks neutrophil recruitment to-
ward C5a in vitro by binding the C5aR with high (nanomolar) affinity [39]. The recent nucle-
ar magnetic resonance (NMR) structure of CHIPS in complex with the N terminus of the 
C5aR showed two sulfated tyrosine (residues 11 and 14) of the C5aR to be essential for the 
interaction in between the C5aR and the inhibitor CHIPS [40]. Bacteria have due to their 
biological activity a gradient of peptides that are formylated. These formylated peptides 
such as fMLF, attract neutrophils by binding towards the formylated peptide receptor 1 
(FPR1) and 2 (FPR2). CHIPS also bind and thereby block the activation of the FPR1. Two ho-
mologs of CHIPS, the formylated peptide receptor-like 1 inhibitory proteins, FLIPr and FLIPr-
like, block activation of the chemotactic formylated peptide receptors FPR1 and FPR2, re-
spectively [50,51]. The Staphylococcal superantigen-like 5 (SSL5) protein was shown to bind 
P-selectin glycoprotein ligand-1, thereby inhibiting neutrophil rolling on the endothelium 
[49]. Also, SSL5 inhibits neutrophil activation by all chemokines and anaphylatoxins [52]. In 
the same family of SSLs, SSL10 was identified to show antagonistic effect towards the CXC 
chemokine receptor 4 (CXCR4), thereby inhibiting CXCR4 mediated calcium mobilization an 
cell migration [53]. The cysteine protease from S.	aureus, Staphopain B, cleaves the cell 
surface receptors, CD11b and CD31, which induced cell death of neutrophils and mono-
cytes [54,55].

Cleavage of C5 also results in formation of C5b, the molecule that initiates the formation of 
the membrane attack complex (C5b-9). This complex can damage target cells such as gram-
negative bacteria. MAC formation is often monitored in vitro by a so-called hemolytic assay 
in which erythrocytes (often sheep or rabbit) are used as a direct target for complement 
activation and hemolysis. The S.	aureus proteins SCIN, Efb, Ecb, and SSL7 block MAC-medi-
ated erythrocyte hemolysis since they inhibit the complement cascade upstream of MAC 
formation. The highly variable streptococcal inhibitor of complement (SIC) from GAS was 
found to specifically block formation of the MAC by binding to the C5b-7 complex and pre-
venting erythrocyte hemolysis in vitro [41]. The relevance of MAC inhibition by gram-posi-
tive bacteria remains unclear since they are naturally protected from lysis via their thick cell 
wall. The SIC molecule also interacts with several human antimicrobial peptides (LL-37, de-
fensins) [42], and this might be more relevant for protecting GAS from host immunity. Also, 
S.	 aureus secretes the metalloprotease aureolysin, which proteolytically degrades LL-37 
[56]. The final step for neutrophils to kill bacteria is by releasing their content thereby form-
ing NETs. The streptococcal Dnase (Sda1) and staphylococcal nuclease (Snase) have been 
shown to degrade the NETs thereby promoting resistants to NET-mediated anti-microbial 
activity [62,63].
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Immune evasion molecules as tools and targets in therapy

Bacterial innate immune modulators have important applications for the treatment of in-
flammatory diseases where the innate immune system is directed against our own cells 
[43]. Per definition, molecules that counteract acute innate immune mechanisms are anti-
inflammatory compounds. As opposed to several bacterial toxins, the high specificity and 
the mode of action that depends entirely on protein–protein interactions makes these non-
toxic proteins suitable anti-inflammatory drugs. It is tempting to speculate that these mol-
ecules could be used as injectables in acute inflammatory disorders. However, since these 
molecules are derived from common human pathogens, pre-existing antibodies severely 
complicate this approach. Furthermore, a number of the described molecules appear to be 
human-specific which complicates functional studies	in	vivo [19, 44, 45] However, the im-
munological molecules that are attacked by these factors might prove to be the essential 
targets to tackle in anti-inflammatory therapy. We feel that the bacterial products could be 
used as an indicator of the “Achilles heel” of the human immune system—almost at the 
atomic level. Especially, since the 3-D structures of a number of molecules in context with 
their target are now elucidated in several crystallographic and NMR studies [19, 20, 25, 40, 
46], this opens new possibilities for smart design of small-molecule therapeutics. Thus, we 
can copy these evolutionary-designed molecules to counteract the detrimental effects of 
complement activation in inflammatory disease states.

Next to their potential as anti-inflammatory compounds, we believe that targeting of com-
plement evasion molecules should be included in future strategies to fight bacterial infec-
tions. The evasion molecules described above not only suppress natural immunity during 
an infection but also hamper the current attempts to create effective vaccines. The efficacy 
of vaccines is held back by the existing bacterial immune evasion strategies since they pre-
vent neutrophils or complement to reach the site of infection. Even with sufficient opsonic 
or bactericidal antibodies on the bacterium, nothing will happen if the innate immune ef-
fectors are absent. Since immune evasion molecules are essentially vaccine evasion mole-
cules, we propose that these molecules should be specifically targeted in the vaccine. Alter-
natively, we could think of ways to neutralize these molecules and use that in novel 
strategies to fight infectious diseases. In fact, we propose to inhibit the inhibitor and there-
by decrease the advantage of the bacterium over the host.

So, taken together, the smart attack of the bacteria on our innate immune system might 
hold clues for future drugs in both inflammatory as well as infectious diseases. In this way, 
we could turn this powerful escape mechanism into our own advantage.
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Abstract

Complement is one of the first host defense barriers against bacteria. Activated comple-
ment attracts neutrophils to the site of infection and opsonizes bacteria to facilitate phago-
cytosis. The human pathogen S.	aureus has successfully developed ways to evade the com-
plement system, for example by secretion of specific complement inhibitors. However the 
influence of S.	aureus proteases on the host complement system is still poorly understood. 
Here, we identify the metalloproteinase aureolysin as a potent complement inhibitor. Au-
reolysin effectively inhibits phagocytosis and killing of bacteria by neutrophils. Further-
more, we show that aureolysin inhibits the deposition of C3b on bacterial surfaces and the 
release of the chemoattractant C5a. Cleavage analyses show that aureolysin cleaves the 
central complement protein C3. Strikingly, there was a clear difference between the cleav-
ages of C3 in serum versus purified conditions. Aureolysin cleaves purified C3 specifically in 
the alpha chain, close to the C3 convertase cleavage site, yielding active C3a and C3b. How-
ever, in serum we observe that the aureolysin-generated C3b is further degraded by host 
factors. We pinpointed these factors to be factor H and factor I. Using an aureolysin mutant 
in S.	aureus USA300, we show that aureolysin is essential and sufficient for C3 cleavage by 
bacterial supernatant. In short, aureolysin acts in synergy with host regulators to inactivate 
C3 thereby effectively dampening the host immune response. 
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Introduction

The complement system is a proteolytic cascade of plasma proteins, which is crucial to the 
host defense against invading bacteria (1,2,3). Recognition of bacteria via the classical (CP)3 
or lectin (LP) pathway results in formation of the C3 convertase complex (C4b2a) that 
cleaves C3, the central molecule of the complement system. Cleavage of C3 by convertases 
is a critical event in complement activation, since it leads to release of the anaphylatoxin 
C3a and deposition of C3b on the bacterial surface. C3b molecules effectively opsonize the 
bacterium and facilitate a series of events: i) activation of the alternative pathway (AP) to 
amplify the cleavage of C3 via AP C3 convertases (C3bBb), ii) formation of the C5 conver-
tases generating C5b-9 complexes (Membrane Attack Complex (MAC)) and the potent ana-
phylatoxin C5a that attracts and activates phagocytes, iii) phagocytosis via recognition of 
C3b by complement receptors on neutrophils, and iv) antigen presentation (4,5). In order to 
protect host cells, the complement cascade is tightly regulated by various regulatory pro-
teins. Human plasma contains several soluble regulators that accelerate the dissociation of 
C3 convertases and/or promote inactivation of C4b and C3b (C4 binding protein (C4BP), 
factor I (fI), and factor H (fH)). Further, host cells express membrane-bound complement 
regulators that dissociate C3 convertases (Membrane Co-factor Protein (MCP) and Decay 
Accelerating Factor (DAF)) or prevent integration of the C5b-9 complex (CD59). 

Bacterial pathogens have acquired strategies to resist various parts of the complement 
system. Different bacterial complement evasion strategies have been identified: i) produc-
tion of a capsule to prevent complement recognition, ii) attraction of host complement 
regulators to the bacterial surface, or iii) secretion of proteins that inactivate complement 
proteins (6-8). Among these secreted factors we find a number of proteases that can cleave 
complement (9). Staphylococcus	aureus	(S.	aureus) is a human pathogen that causes a wide 
range of infections including endocarditis, pneumonia, sepsis, and toxic shock syndrome 
(10). The last decade the prevalence and pathological problems of S.	aureus increased due 
to the emergence of antibiotic resistant strains. Its success as a human pathogen also de-
pends on the production of many virulence factors. For instance, S.	aureus expresses vari-
ous surface proteins that promote adhesion to extracellular matrices (Microbial Surface 
Components Recognizing Adhesive Matrix Molecules (MSCRAMMs) (11)), colonization or 
biofilm formation (12). Further, S.	aureus uses both secreted and surface proteins, which 
are known to promote lysis of host cells (13) or block the host immune response (7,14,15). 
In S.	aureus a large arsenal of complement evasion molecules have been identified. These 
include secreted factors that block several steps of the complement cascade: Staphylococ-
cal superantigen-like protein 10 (SSL10) inhibits classical pathway activation (16), Staphylo-
coccal Complement Inhibitor (SCIN) (17), Extracellular fibrinogen-binding protein (Efb) and 
Extracellular complement-binding protein (Ecb) block C3/C5 conversion by convertases 
(18), SSL7 inhibits C5 conversion (19) and Chemotaxis Inhibitory Protein of S.	aureus (CHIPS) 
inhibits C5a-dependent neutrophil chemotaxis by binding to the C5a receptor (C5aR) (20) 
Next to these secreted molecules, S.	aureus also produces several surface proteins that 
interact with the complement system: Staphylococcal IgG-binder (Sbi) binds both IgG and 
C3 to prevent classical and alternative complement activation (21,22), Clumping Factor A 
and the iron-regulated surface determinant protein H (IsdH) promote degradation of op-
sonic C3b (23,24).
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Even though S.	aureus produces a number of proteases, their role in bacterial complement 
evasion is not known. We studied a role for the metalloprotease aureolysin in complement 
escape by S.	aureus. Aureolysin is a 301 amino acid zinc-dependent metalloprotease that 
belongs to the family of thermolysins (25). Aureolysin was previously shown to have a role 
in staphylococcal immune escape since it cleaves the antimicrobial peptide LL-37. Here we 
describe an important role for aureolysin in inhibition of the complement system.

Materials and methods

Proteins	and	sera

Aureolysin, purified from S.	aureus supernatant, was purchased from BioCentrum and fur-
ther purified by gelfiltration on a Superdex 75 column (GE Healtcare) using the AktaEx-
plorer system (GE Healthcare). Protease activity was checked by gelatin zymography (26). 
Purified aureolysin was subjected to SDS-PAGE and verified by mass spectrometry. Heat-
inactivated aureolysin was made by incubating aureolysin for 20 min at 65oC. SCIN and 
CHIPS were produced as recombinant proteins as described (17,27). C3, C3b and factor B 
(fB) were purified from human plasma as described (28). The purified components factor D 
(fD), factor H (fH), factor I (fI), C3a and C5 were purchased from Quidel. Complement-de-
pleted sera (DC2, DC3 and DC5) were purchased from Quidel. Normal human serum was 
obtained from healthy volunteers, who gave informed consent. Heat-inactivated serum 
was made by incubating serum for 20 min at 56oC. 

Bacterial	strains	and	supernatants

Bacterial	strains. S.	aureus USA300 strain UAMS-1182 (a generous gift from Dr Nina van 
Sorge, University of California San Diego, USA), Group B Streptococcus wild-type strain 
COH1 (29), and the S.	aureus clinical isolate (KV27) obtained within the UMC Utrecht were 
used. All bacteria were cultivated on Tryptic Soy Agar (TSA) (Oxoid).

S.	aureus	aureolysin	mutant. The pKOR1-Daur plasmid (30) was transduced with phage 80a 
into USA300 strain UAMS-1182. A markerless aur deletion was constructed using the pKOR1 
knockout protocol as previously described (31). To construct an aur complementing clone, 
plasmid pDB59 (32) was digested with BamHI and EcoRI to remove the P3-YFP fusion. A 
NheI site was introduced by annealing oligonucleotides CLM525 (5’-GATCCATCGATCGATGC-
TAGCATTCGATCATG-3’) and CLM526 (5’-AATTCATGATCGAATGCTAGCATCGATCGATG-3’) and 
ligating into the cut pDB59, yielding intermediate plasmid pCM46. The aur gene was ampli-
fied by PCR using oligonucleotides CLM529 (5’-GTTGTTGGATCCGTTATCTCA-
CATATTTCAAGCATTG-3’) and CLM522 (5’-GTTGTTGCTAGCGGTATACCCCATATATAAGCTG-3’) 
using USA300 as template. The PCR product was digested by BamHI and NheI and ligated 
into pCM46 digested by the same enzymes to yield aur complementing clone pCM47.

Supernatants. S.	 aureus USA300, the isogenic aureolysin mutant and the isogenic aure-
olysin mutant complemented with aureolysin, were cultured overnight in Todd-Hewitt 
broth (THB) and subsequently diluted to an OD660 of 0.05 in fresh THB. Bacteria were grown 
to an OD660 of 1.5 while shaken at 37oC and supernatants were collected by centrifugation 
and passed through a 0.45 μm filter. Collected supernatants were concentrated 10 times 
using the Amicon Ultra-10 filters (MWCO 10 kDa, Millipore)), dialyzed against PBS and 
stored at -80oC. Upon usage, bacterial supernatants were diluted for functional analysis.
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Phagocytosis	and	killing	

Phagocytosis assays were performed as described (17). In short, serum was pre-incubated 
with 0.5 mM BSA, SCIN or aureolysin in RPMI containing 0.1% HSA for 15 min at 37oC. Then, 
2.5x105 freshly isolated human neutrophils and 2.5x106 FITC-labeled, heat-killed S.	aureus 
KV27 were added and incubated for 15 min at 37oC while shaking at 600 rpm. The reaction 
was stopped by adding 1% ice-cold paraformaldehyde in RPMI containing 0.1% HSA. Phago-
cytosis was analyzed by flow cytometry (FACSCalibur, Becton Dickinson) measuring fluores-
cence of 10,000 gated neutrophils. The complement-independent phagocytosis assay was 
performed as described above, but instead of normal human serum, we used heat-inacti-
vated serum. For bacterial killing assays, Group B Streptococcus was grown to an OD660 of 
0.5 in THB) and subsequently washed in RPMI containing 0.1% HSA. Then, we pre-incubated 
5% serum with 0.5 µM BSA, SCIN or aureolysin for 20 min at 37oC. Subsequently, 2.5x105 
Group B Streptococcus and 8.5x106 neutrophils were added and incubated at 37oC. At dif-
ferent time points a sample was taken and neutrophils were lysed with Milli-Q. Surviving 
bacteria were enumerated by plating serial dilutions on TH agar.

Figure 1. Aureolysin blocks phagocytosis and killing of bacteria 
(a-c)	Phagocytosis	of	heat-killed	S.	aureus	by	human	neutrophils	in	the	presence	of	human	serum	and	aureolysin.	
(a)	Aureolysin	blocks	phagocytosis	of	bacteria	 in	human	serum	(aureolysin,	BSA	and	SCIN	at	0.5	μM).	 (b)	Dose-
dependent	inhibition	of	phagocytosis	by	aureolysin	in	10%	serum.	(c)	No	phagocytosis	inhibition	in	complement-
inactivated	serum.	(d)	Aureolysin	blocks	killing	of	Group	B	Streptococcus	by	human	neutrophils	in	5%	serum	(BSA,	
SCIN	and	aureolysin	at	0.5	μM).	All	figures	represent	mean	±SE	of	three	separate	experiments.	For	d,	the	relative	
survival	was	calculated	by	dividing	the	number	cfu	at	each	time	point	by	the	the	number	of	cfu	at	time	point	zero.
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C3b	deposition	on	S.	aureus

S.	aureus	strain KV27 was grown to an OD660 of 0.5 in THB and washed in Hepes++ buffer (20 
mM Hepes, 140 mM NaCl, 5 mM CaCl2, 2.5 mM MgCl2) with 0.1% BSA. Serum was pre-incu-
bated with 0.5 µM BSA or aureolysin for 20 min at 37oC. Then, we incubated 12.5x105 bac-
teria with the pre-incubated serum for 30 min while shaking at 900 rpm. Bacteria were 
washed with PBS with 0.1% BSA. C3b deposition was detected using mouse anti-human 
C3d antibodies (Quidel) and FITC-conjugated goat anti-mouse IgG (Protos). Fluorescence of 
10,000 bacteria was measured by flow cytometry. C3b deposition with purified compo-
nents was performed as described above, but instead of using serum, we incubated bacte-
ria with 0.6 mM C3, 20 nM fD, 50 nM fB and 60 nM C3b in the presence or absence of 0.5 
µM aureolysin.

C5a	analysis

S.	aureus	strain KV27 was grown to an OD660 of 0.5 in THB. Bacteria were heat-killed for 30 
min at 70oC and washed in RPMI with 0.1% HSA. 10% Serum and 0.5 µM BSA or aureolysin 
were pre-incubated for 15 min at 37oC and subsequently incubated with 2.5x106 bacteria at 
37oC for 30 min while shaking at 600 rpm. Bacteria were centrifuged and C5a was detected 
in collected supernatants by calcium mobilization: 10-fold diluted supernatants were add-
ed to 7.5x104 Fluo-4-AM labeled U937-C5a receptor cells (U937-C5aR; a generous gift from 
Prof. Eric Prossnitz, University of New Mexico, Albuquerque, USA) and the increase of intra-
cellular calcium was measured by flow cytometry. To study specificity for C5a, activation 
was performed as described above but using 10% C5 depleted serum, supplemented with 
or without 10 μg/ml C5. To block C5aR on cells, cells were pretreated with 10 μg/ml CHIPS 
for 5 min at room temperature before use in the calcium mobilization assay. 

Complement	assays

Complement ELISAs were performed as described (33) with modifications. ELISA plates 
(Nunc, Maxisorb) were coated overnight with 20 μg/ml LPS (Salmonella	enteriditis,	Sigma), 
3 μg/ml IgM (Quidel) or 10 μg/ml mannan (Saccharomyces	cerevisiae,	Sigma) in 0.1 M sodi-
umcarbonate buffer pH 9.6. Plates were blocked with 4% BSA in PBS with 0.05% Tween for 
1 h at 37oC. Samples were diluted in GHepes++ buffer (20 mM Hepes, 140 mM NaCl, 0.1% 
gelatine, 5 mM CaCl2, 2.5 mM MgCl2, 0.05% Tween). Serum or C2 depleted serum was pre-
incubated with 0.5 μM BSA or aureolysin for 20 min at 37oC and subsequently added to the 
plates for 1h at 37oC. Deposited C3b and C5b-9 were detected using antibodies against C3d 
and C6 respectively (Quidel), followed by peroxidase (PO)-conjugated goat anti–mouse IgG 
(Southern Biotechnology). 

C3	analysis

N-terminal	sequencing. 1 µM C3 was incubated with 0.5 µM aureolysin for 60 min at 37oC 
in Hepes++ buffer. Proteins were subjected to SDS-PAGE and transferred to a PVDF mem-
brane. Cleavage products were visualized with 0.1% Coomassie blue in 40% methanol, ex-
cised and analyzed by N-terminal sequencing (Alphalyse). 

Instant	blue	staining. C3 cleavage was analyzed by incubation of 1 µM C3 with aureolysin or 
bacterial supernatants for 1 h at 37oC in Hepes++ buffer. The reaction was stopped at differ-
ent time points by adding sample buffer containing DTT. Samples were subjected to SDS-
PAGE and visualized by instant blue (Gentaur). 
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Western	blotting. C3 cleavage analysis by western blotting was performed by incubation of 
5% serum or 0.6 µM C3 with 0.5 µM aureolysin at 37oC in Hepes++ buffer. The reaction was 
stopped at different time by adding sample buffer containing DTT. All samples were sub-
jected to SDS-PAGE and blotted onto a PVDF membrane. After blocking with 4% skimmed 
milk in PBS containing 0.1% Tween, C3 was detected by a goat anti-human C3 antibody 
(Protos), followed by a donkey anti-goat IgG antibody (Jackson) diluted in PBS with 0.1% 
tween and 1% skimmed milk. C3b-SN degradation was analyzed by incubating 0.6 µM C3 
with 0.5 µM aureolysin for 30 minutes at 37oC. The reaction was stopped by adding 50 mM 
EDTA. Generated C3b-SN and 0.6 µM C3b were incubated with 5% C3-depleted serum and 
samples were immunoblotted as described above. To identify the serum component, vari-
ous combinations of 0.6 µM purified C3, 45 nM fI, 27 nM fH and 0.5 µM aureolysin were 
incubated for 30 min at 37oC in Hepes++ buffer and immunoblotted as described above.

C3a	analysis

S.	aureus	strain KV27 was washed in RPMI with 0.1% HSA and incubated with 10% C5-de-
pleted serum, buffer and/or 0.5 µM aureolysin for 20 minutes at 37oC. Bacteria were cen-
trifuged and the supernatants were analyzed by western blotting as described above but 
using rabbit anti-C3a serum (Calbiochem), and goat anti-rabbit IgG antibody (Southern Bio-
tech). C3a mediated neutrophil activation was performed by incubating 0.6 mM C3 or C3a 
with 0.5 mM aureolysin in RPMI containing 0.1% HSA for 30 min at 37oC. Calcium mobiliza-
tion was measured as described above, by adding 10-fold diluted sample to 1x105 freshly 
isolated human neutrophils labeled with Fluo-4-AM. 

Results

Aureolysin	blocks	phagocytosis	and	killing	of	bacteria.
To test whether aureolysin is involved in complement evasion by S.	aureus, we first studied 

Figure 2. Aureolysin inhibits complement activation on bacteria
(a)	Inhibition	of	C3b	deposition	on	S.	aureus	by	aureolysin.	Serum	was	pre-incubated	with	0.5	μM	aureolysin	and	
mixed	with	bacteria.	Deposition	of	C3b	on	the	bacterial	surface	was	measured	by	flow	cytometry.	(b)	Dose-depen-
dent	 inhibition	of	C5a	 release	by	aureolysin.	 Serum	 (10%)	was	pre-incubated	with	aureolysin	and	 subsequently	
incubated	with	heat-killed	bacteria.	Release	of	C5a	in	bacterial	supernatants	was	measured	by	a	calcium	mobiliza-
tion	assay	using	U937-C5aR	cells.	All	figures	represent	mean	±SE	of	three	separate	experiments.	For	b,	the	relative	
calcium	mobilization	was	calculated	by	dividing	the	fluorescence	after	stimulation	by	the	baseline	fluorescence.
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its activity in a phagocytosis assay. Therefore, we incubated fluorescently labeled S.	aureus 
with isolated human neutrophils in the presence of human serum and aureolysin. BSA and 
SCIN served as a negative and positive control respectively. Figure 1a shows that aureolysin 
potently inhibits phagocytosis and that its activity is comparable to the complement in-
hibitor SCIN. Aureolysin blocks phagocytosis in a dose-dependent fashion (Figure 1b). In 
10% serum (containing ~ 0.5 mM C3), the IC50 of aureolysin is ~0.1 mM implying a molar ratio 
of aureolysin:C3 of 1:5 at the IC50. To test whether the anti-phagocytic effect was a result of 
complement inhibition, we performed the phagocytosis in complement-inactivated serum 
and found no inhibition by aureolysin; indicating that aureolysin specifically inhibits com-
plement-mediated phagocytosis (Figure 1c). To determine whether aureolysin also blocks 
bacterial killing, we performed killing assays using isolated neutrophils, human serum and 
Group B Streptococcus as a model organism for gram-positive bacteria (Figure 1d). Aureo-
lysin strongly prevented bacterial killing indicating that aureolysin helps bacteria to resist 
complement-mediated killing by neutrophils. In summary, aureolysin blocks complement-
dependent phagocytosis and killing of bacteria by human neutrophils.

Aureolysin	inhibits	C3b	deposition	and	C5a	generation.
Complement activation is crucial to phagocytosis since it results in the labeling of bacteria 
with opsonins (C3b molecules) that are recognized by phagocyte receptors. To study 

Figure 3. Aureolysin blocks the classical and lectin pathway
Serum	was	incubated	with	aureolysin	or	BSA	(0.5	μM)	and	complement	activation	via	the	classical	and	lectin	path-
way	was	determined	via	ELISA.	Aureolysin	prevents	C3b	and	C5b-9	deposition	via	the	(a	and	c)	classical	and	(b	and	
d)	lectin	pathway.	All	data	shown	represent	mean	±SE	of	three	separate	experiments.
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whether aureolysin blocks complement activation, we first analyzed whether aureolysin 
affects opsonization of bacteria with C3b molecules. S.	aureus was incubated with serum in 
the presence or absence of aureolysin and surface-bound C3b was detected on the bacte-
rial surface with specific antibodies and flow cytometry. Figure 2a shows that aureolysin 
potently blocks the labeling of bacteria with C3b, again indicating that aureolysin is a com-
plement inhibitor. Downstream of C3 cleavage, the complement cascade continues with 
the cleavage of C5 into C5a and C5b. C5a binds to the G-protein coupled C5a receptor 
(C5aR) on phagocytes, crucial to phagocyte activation and chemotaxis. Recent studies 
demonstrated an important role for C5a in host protection against S.	aureus infections (34).	
To study whether aureolysin blocks C5a formation, we analyzed the formation of C5a dur-
ing incubation of S.	aureus with human serum and aureolysin. Since C5a is released into the 
extracellular milieu, we collected supernatants of serum-opsonized bacteria and analyzed 
these supernatants for their potency to induce a calcium mobilization in U937 cells trans-
fected with the C5a receptor (U937-C5aR). To prevent formation of other chemo-attrac-
tants during the incubation of bacteria with serum, we used heat-killed S.	aureus. We ob-
served that supernatants of serum-opsonized S.	 aureus increased calcium levels in 

Figure 4. Aureolysin cleaves C3 into active C3a+SN and active C3b-SN 
(a)	Aureolysin	cleaves	the	α-chain	of	C3.	Purified	C3	(1	μM)	was	incubated	with	0.5	μM	aureolysin	and	cleavage	
was	analyzed	by	SDS-PAGE	and	coomassie	staining.	(b)	The	C3	cleavage	site	of	aureolysin	is	2	amino	acids	apart	
from	the	C3	convertase	cleavage	site.	N-terminal	sequencing	results	of	the	C3	α-chain	generated	by	incubation	of	
purified	C3	with	aureolysin	for	60	min	at	37oC.	(c)	C3a+SN	is	active.	Purified	C3	and	aureolysin	were	incubated	for	30	
min	at	37oC	and	tested	for	neutrophil	activation	in	a	calcium	mobilization	assay.	(d)	C3b-SN	is	active.	Bacteria	were	
incubated	with	purified	C3	in	the	presence	of	buffer,	aureolysin	or	purified	C3	convertase	(fD,	fB	and	C3b)	for	30	min	
at	37oC.	C3b	deposition	on	the	bacterial	surface	was	detected	by	flow	cytometry.	Data	shown	in	c	and	d	represent	
the	mean	±SE	of	three	separate	experiments.	For	c,	the	relative	calcium	mobilization	was	calculated	by	dividing	the	
fluorescence	after	stimulation	by	the	baseline	fluorescence.	Figure	d,	the	relative	C3b	deposition	is	the	deposition	
relative	to	buffer.



32 Chapter 2

CH
A

PT
ER

U937-C5aR cells, while this response could be blocked by pretreatment of cells with the 
C5aR antagonist CHIPS (supplementary figure 1). Also, supernatants of bacteria incubated 
with C5-deficient serum could not induce a calcium flux while this could be restored by 
repletion of serum with purified C5 (supplementary figure 1). Thus, this calcium mobiliza-
tion assay specifically detects C5a in bacterial supernatants. When aureolysin was added 
during incubation of bacteria with serum we observed a dose-dependent inhibition of C5a 
generation (Figure 2b). Altogether these data show that aureolysin is a complement inhibi-
tor that blocks two critical biological effects of the complement cascade: opsonization of 
bacteria with C3b and release of the chemoattractant C5a.

Aureolysin	blocks	the	classical	and	lectin	pathways.
To study how aureolysin blocks the complement cascade, we tested its activity in a well-
described complement ELISA where the different complement pathways and activation 
steps can be assessed separately (33). Here, we specifically measured the effect of aureo-
lysin on the classical and lectin pathways. The alternative pathway could not be performed 
since it is analyzed in a buffer with EGTA to chelate calcium ions (35); this interferes with the 

Figure 5. Proteolytic activity of aureolysin is important for complement inhibition
(a)	0.5	μM	aureolysin	was	preincubated	for	20	min	at	different	temperatures	and	subsequently	tested	for	C3	cleav-
age	by	incubation	with	1	μM	purified	C3	for	30	min	at	37oC.	Cleavage	was	analyzed	by	SDS-PAGE	under	reducing	
conditions	and	coomassie	staining.	(b)	No	inhibition	of	C3b	deposition	on	bacteria	by	heat-inactivated	aureolysin.	
5%	Serum	was	pre-incubated	with	0.5	μM	aureolysin,	heat-inactivated	(65oC)	aureolysin	(aureolysin65)	or	buffer	
and	mixed	with	bacteria.	Deposition	of	C3b	on	the	bacterial	surface	was	measured	by	flow	cytometry.	(c)	No	inhibi-
tion	of	C5a	generation	by	heat-inactivated	aureolysin.	Serum	(10%)	was	pre-incubated	with	0.5	μM	aureolysin,	or	
heat-inactivated	aureolysin,	and	subsequently	added	to	bacteria.	C5a	release	in	the	supernatants	was	quantified	
by	flow	cytometry	by	measuring	the	calcium	mobilization	in	U937-C5aR	cells.	Right	bar:	cells	pretreated	with	the	
C5aR	antagonist	(CHIPS	(10	μg/ml).	Data	shown	in	b	and	c	represent	the	mean	±SE	of	three	separate	experiments.	
Figure	b,	the	relative	C3b	deposition	is	the	deposition	relative	to	buffer.	For	c,	the	relative	calcium	mobilization	was	
calculated	by	dividing	the	fluorescence	after	stimulation	by	the	baseline	fluorescence.
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calcium-dependent proteolytic activity of aureolysin (36). To assess activation of the classi-
cal and lectin pathways, human serum was incubated with microtiter plates coated with 
IgM or mannan respectively. We observed that aureolysin prevents the deposition of C3b 
and C5b-9 via both pathways (Figure 3 a-d), which is in line with our previous results show-
ing inhibition of C3b deposition and C5a generation on bacteria. The C4b deposition was 
not inhibited by aureolysin (data not shown), indicating specificity for a common molecule 
in both pathways that functions downstream of C4b formation but upstream of C3b deposi-
tion. This suggests that aureolysin targets C3, a common molecule for all pathways.

Aureolysin	acts	as	a	C3	convertase.
Since aureolysin targets C3, we studied aureolysin mediated C3 cleavage. Therefore, we 
incubated purified C3 with aureolysin (in a 1:1 molar ratio) at 37oC and analyzed C3 cleavage 
by SDS-PAGE. The C3 protein (187 kDa) consists of an α-chain (112 kDa) and a β-chain (75 
kDa) that are linked together via disulfide bonds (37). We observed that aureolysin caused 
a rapid and specific cleavage of the C3 α-chain (112 kDa) into a smaller fragment of around 
100 kDa (Figure 4a). The β-chain of C3 was not affected by aureolysin. N-terminal sequenc-
ing revealed that the aureolysin-cleaved α-chain starts with the amino acid sequence NH2-
LDEDII, indicating that aureolysin cleaves C3 between an Asparagine (N751) and a Leucine 
(L752), which is a typical cleavage site for aureolysin (38,39). This specific cleavage was also 

Figure 6. Aureolysin inactivates C3 
in collaboration with serum compo-
nents Factor I and Factor H
(a)	 Serum-dependent	 degradation	
of	the	C3	α-chain	by	aureolysin.	Hu-
man	serum	 (5%)	or	purified	C3	 (0.6	
μM)	were	incubated	with	0.5	μM	au-
reolysin	at	37oC	and	C3	cleavage	was	
analyzed	at	different	time	points	by	
western	blotting.	(b)	C3b-SN	and	C3b	
degradation	 by	 human	 serum.	 0.6	
μM	 C3b-SN	 and	 C3b	were	 incubated	
with	5%	C3-depleted	 serum	at	37oC	
and	C3	 cleavage	products	were	de-
tected	by	western	blotting.	(c)	FI	and	
FH	mediate	C3b-SN	degradation.	Puri-
fied	C3	 (0.6	μM),	 fI	 (45	nM)	and	 fH	
(27	nM)	were	incubated	with	0.5	μM	
aureolysin	for	30	min	at	37oC	and	C3	
cleavage	products	were	detected	by	
western	blotting.
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observed at lower molar ratios of aureolysin:C3 (Supplementary figure 2). At a ratio of 1:20 
we still observe 50% cleavage of C3, which is a 4-fold lower ratio than the determined IC50 
in the phagocytosis assay (figure 1b). During activation of C3 by its natural protease, the C3 
convertase, the C3 α-chain is cleaved at position R748-S749; this cleavage mediates release 
of the anaphylatoxin C3a (9 kDa) and formation of C3b, which can deposit on surfaces via 
its thioester domain. The α’-chain of C3b starts with NH2-SNLDEDII (Figure 4b). Surprisingly, 
the cleavage sites of aureolysin and the C3 convertase are only 2 amino acids apart; there-
fore we named the aureolysin cleavage products C3a+SN and C3b-SN. To investigate whether 
the released C3a+SN is active, we incubated purified C3 and aureolysin for 30 minutes at 37oC 
and mixed this with neutrophils to study calcium mobilization. Figure 4c shows that aureo-
lysin indeed releases an active C3a molecule by cleavage of C3. Furthermore, we tested 
whether C3b-SN can be deposited on bacterial surfaces by incubating purified C3, aureolysin 
and bacteria for 30 minutes at 37oC and detecting surface-bound C3b (Figure 4d). As a con-
trol, we cleaved C3 with a C3 convertase by mixing purified factor B, factor D and C3b. Like 
the C3 convertase, aureolysin increased the C3b deposition on bacteria compared to con-
trol. In summary, although aureolysin is a complement inhibitor, it specifically cleaves C3 
close to the convertase cleavage site generating active C3a+SN and C3b-SN. 

Complement	inhibition	by	aureolysin	depends	on	its	proteolytic	activity.	
To verify that the complement inhibitory effect of aureolysin is due to its proteolytic capac-
ity, we incubated aureolysin for 20 min at different temperatures and subsequently ana-
lyzed its potency to cleave purified C3 (Figure 5a). We observed that aureolysin can no 
longer cleave C3 when pre-incubated at 65oC. Subsequently, we tested whether this heat-
inactivated form of aureolysin can still inhibit C3b deposition and C5a generation (Figure 5b 
and 5c respectively). In contrast to untreated aureolysin, heat-inactivated aureolysin (at 
65oC, aureolysin65) does not inhibit C3b deposition on bacteria and release of C5a. This 
shows that the complement-inhibitory function of aureolysin is a result of its proteolytic 
activity.

Figure 7. Aureolysin inactivates C3a
Heat-killed	S.	aureus	was	incubated	with	C5-depleted	serum	for	30	min	at	37oC.	Supernatants	were	analyzed	for	
their	potency	to	induce	calcium	mobilization	in	neutrophils	(a)	or	C3a	was	detected	by	western	blotting	(b).	Data	
shown	represent	the	mean	±SE	of	three	separate	experiments.	Figure	a,	the	relative	calcium	mobilization	was	cal-
culated	by	dividing	the	fluorescence	after	stimulation	by	the	baseline	fluorescence.
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Aureolysin	collaborates	with	host	factors	to	inactivate	C3b.
Our finding that aureolysin closely mimicks C3 convertases is in sharp contrast with our 
initial results in serum where aureolysin functions as a complement inhibitor. To study 
whether C3 cleavage by aureolysin in serum might be different from purified conditions, 
we incubated aureolysin with serum or purified C3 and detected C3 cleavage products by 
western blotting (Figure 6a). As shown in figure 4a, incubation of aureolysin with purified 
C3 results in cleavage of the C3 α-chain into C3b α’-SN within 10 min. In serum we also ob-
serve that aureolysin cleaves the C3 α-chain into a product similar to C3b-SN. However, the 
generated fragment is completely degraded within 30 minutes. This indicates that other 
serum factors are involved in further cleavage of C3b-SN. To prove this, we first generated 
C3b-SN by incubating purified C3 with aureolysin for 20 min at 37oC, and subsequently inac-
tivated aureolysin by adding EDTA. The sample was then incubated with C3 depleted serum 
and analyzed by western blot. Figure 6b clearly shows that serum factors mediate the fur-
ther degradation of C3b-SN. To study whether serum also degrades natural C3b, we mixed 
C3b with C3 depleted serum and obtained similar results. This indicates that aureolysin 
rapidly cleaves C3 into C3b, which is then naturally degraded by other serum factors. Previ-
ously, it has been shown that the serum proteins fI and fH are involved in the clearance of 
fluid phase C3b from serum (40). FI is a serine protease that cleaves C3b when it is in com-
plex with the co-factor fH (41). To confirm that fI and fH mediate the degradation of aureo-
lysin-generated C3b-SN, we incubated purified C3 with aureolysin in the presence of fI and/
or fH for 30 min at 37oC (with C3 and fI, in concentrations corresponding to 10% serum). As 
shown in figure 6c, the C3 α’-SN chain generated by aureolysin is further degraded in the 
presence of both fI and fH. Thus, aureolysin collaborates with host factors fI and fH to ef-
fectively degrade C3.

Aureolysin	degrades	C3a	in	serum.
To further study the role of aureolysin in C3a generation, we incubated bacteria with C5-
depleted serum and measured C3a release in the supernatant by calcium mobilization and 
western blotting. In contrast to our findings in figure 4c, where aureolysin generates active 
C3a from purified C3, we observe that aureolysin blocks C3a-dependent neutrophil activa-
tion in the presence of serum (Figure 7a). Western blotting revealed that C3a is converted 
to a smaller fragment (C3a’) in the presence of aureolysin and serum (Figure 7b). 

Figure 8. Aureolysin is required and sufficient for cleavage of C3 by S. aureus supernatant.
C3	cleavage	by	supernatants	of	S.	aureus	strain	USA300	(Wt),	its	isogenic	aureolysin	mutant	(∆aur)	and	the	com-
plemented	mutant	(∆aur+	aur).	Undiluted	(-),	3-fold	concentrated	(3x)	and	10-fold	concentrated	(10x)	supernatants	
of	a	stationary	culture	were	incubated	with	1	μM	purified	C3	for	1	h	at	37oC	in	Hepes++.	Cleavage	was	analyzed	by	
SDS-PAGE	under	reducing	conditions	and	coomassie	staining.	
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Aureolysin	levels	in	bacterial	supernatants	are	sufficient	for	cleavage	of	C3.	
To test whether the aureolysin levels in S.	aureus supernatant are sufficient and uniquely 
responsible for cleavage of C3, we used allelic exchange mutagenesis to generate an aureo-
lysin mutant in S.	 aureus strain USA300, a predominant isolate of community-acquired 
MRSA (42). Supernatants of wild-type (wt) and mutant (Δaur) strains were tested for their 
ability to cleave C3. While supernatants of wild-type USA300 cleaved the alpha chain of C3, 
no cleavage of C3 was observed with supernatants of the aureolysin mutant (Figure 8). Ad-
ditionally, heterologous expression of aureolysin on an extrachromosomal plasmid 
(Δaur+aur) restored the C3 cleaving ability of the mutant, indicating that aureolysin is re-
quired for C3 cleavage by staphylococcal supernatants. Strikingly, we observed that the 
cleavage of C3 by aureolysin in the bacterial supernatant was different from purified aureo-
lysin. Aureolysin present in supernatants could fully degrade the C3 alpha chain, especially 
when expressed on a plasmid. Also, the C3 beta chain was cleaved. The remarkable differ-
ence in C3 cleavage by supernatants versus purified protease cannot be explained by the 
protein source, since purified protease was isolated from staphylococcal supernatants. The 
fact that aureolysin mutant did not show any cleavage of C3 strongly suggests that aure-
olysin collaborates with other proteases in the supernatant to fully degrade C3. 

Figure 9. Schematic represen-
tation of the complement-
inhibitory mechanism of 
aureolysin.
(a)	C3	activation	in	the	absence	
of	 aureolysin.	 Fluid-phase	 C3	
is	 cleaved	 by	 C3	 convertases	
(C3bBb)	 on	 the	 bacterial	 sur-
face.	 This	 results	 in	 release	 of	
C3a	 and	 covalent	 attachment	
of	 C3b	 to	 the	 bacterial	 surface	
via	 its	 thioester	domain.	 (b)	C3	
activation	 in	 the	 presence	 of	
aureolysin.	 Aureolysin	 cleaves	
C3	 in	 fluid-phase	 into	 C3b-SN 
and	C3a+SN.	C3b-SN	 is	rapidly	de-
graded	by	host	factors	fH	and	fI	
preventing	its	deposition	on	the	
bacterial	 surface;	 C3a+SN	 is	 fur-
ther	inactivated	by	aureolysin.
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Discussion

In recent years, our insights in the way bacterial pathogens escape the complement system 
have grown enormously. S.	aureus appears to be the ‘master complement evasion bug’ 
since it produces a large array of small proteins that target different parts of the comple-
ment system. These staphylococcal complement inhibitors all have highly specific inactiva-
tion mechanisms to block the complement cascade. Whereas some inhibitors specifically 
bind and inhibit crucial complement enzymes, others sterically hinder important protein-
protein interactions. In contrast to S.	aureus, other Gram-positive bacteria like Group A 
Streptococci rather use proteases to protect themselves from complement attack (43,44). 
For example, Streptococcal cysteine protease SpeB degrades C3 to inhibit bacterial clear-
ance (45), while the Streptococcal cell-associated peptidase (ScpA) cleaves C5a to inhibit 
neutrophil chemotaxis (46). Here we describe that S.	 aureus also uses its proteases to 
dampen the complement response. Specifically, aureolysin inactivates the central comple-
ment protein C3 and thereby blocks important complement-dependent responses such as 
phagocytosis and neutrophil activation. The molecular mechanism by which aureolysin in-
activates C3 is surprising (see Figure 9 for a schematic overview). In contrast to the Strepto-
coccal cysteine protease SpeB that fully degrades C3 (45), aureolysin exerts its function by 
cleaving C3 at one specific site. Because this site is only 2 amino acids apart from the C3 
convertase cleavage site, aureolysin generates active C3b and C3a and thus functions as a 
complement activator under purified conditions. Intriguingly, by opening the molecule in a 
C3 convertase manner, the C3b molecule becomes vulnerable for proteolytic degradation 
by host regulators in the serum. This inactivation depends on the protease fI and its cofac-
tor fH which forms a binding platform for fI on C3b (40,41). In order for aureolysin to func-
tion as a complement inhibitor, it is crucial that aureolysin is a secreted protease so it can 
cleave C3 far away from the bacterial surface. In contrast, the C3 convertases of the com-
plement system are generated on the bacterial surface and therefore they mediate C3 
cleavage close to the bacterial surface. This is essential for the covalent attachment of the 
C3b thiolester to bacterial proteins/sugars. If C3 is activated further away from the surface, 
the thiol ester will react with water in fluid-phase and become subject to degradation by 
host regulators. Thus, aureolysin will only function as a complement inhibitor when it is 
secreted. The fact that aureolysin uses host regulators to inactivate complement is in anal-
ogy with mechanisms described for other bacteria that specifically attract host regulators 
(mainly fH) to the surface (6,7,14,47). These bacteria use the increased concentration of 
regulators nearby the surface to inhibit complement activation on the surface. The strategy 
of aureolysin differs from these mechanisms because it uses the regulators to inactivate 
complement in fluid phase. Interestingly, we found that aureolysin cleaves C3 at the same 
site as Gelatinase E (GelE) from Enterococcus	faecalis (48). GelE is also a secreted protease 
that cleaves C3 in a convertase manner. The findings of Park et al suggested that GelE con-
sumes the C3 molecule in fluid-phase but also cleaves C3b after it was deposited on the 
surface. In contrast, we observe that aureolysin does not remove C3b from the bacterial 
surface in the absence of serum, indicating that aureolysin and GelE have different mecha-
nisms.

Future studies will be needed to address the importance of aureolysin in the pathogenesis 
of S.	aureus infections. Next to its role in complement escape, aureolysin has other func-
tions by which it can interact with the host and contribute to bacterial virulence. Aureolysin 
has been shown to contribute to i) bacterial spreading and invasion by activating the fibri-
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nolytic system (49), ii) resistance to antimicrobial peptides (26), and iii) inhibition of immu-
noglobulin production by lymphocytes (50). Recent studies suggested that aureolysin can 
be expressed within the phagocytic vacuole following phagocytosis of S.	aureus (51). Fur-
thermore it was shown that the isogenic aureolysin mutant was more efficiently killed by 
macrophages upon phagocytosis (52). These studies suggest that aureolysin is not only im-
portant to prevent phagocytes from taking up bacteria, but that it also protects bacteria 
inside the phagocytes likely through resistance against antimicrobial peptide killing. We 
find that the proteolytic strategy of aureolysin towards complement is very efficient since 
aureolysin cleaves all C3 in serum into C3b within minutes, thereby inhibiting the phagocy-
tosis in a nanomolar range. Our data with aureolysin mutant bacteria indicate that the ex-
pression levels of aureolysin in the supernatant are sufficient for C3 cleavage. However, 
aureolysin seems to act in synergy with other factors from the bacterial supernatant to 
fully degrade C3. Because previous studies indicated that aureolysin is required for activa-
tion of the V8 protease (53), this suggests that the V8 protease may act as a cofactor for 
aureolysin-mediated cleavage of C3. Interestingly, we observed no direct cleavage of C3 by 
purified V8 (data not shown). Future studies are needed to reveal the exact collaborative 
action of staphylococcal proteases on C3 in the context of serum. Data from other bacte-
rial pathogens show that bacterial proteases are important virulence factors that affect 
several different parts of the innate immune system, such as the complement system, in-
tracellular inflammatory signalling pathways and antimicrobial peptides (9). Next to aureo-
lysin and V8 protease, S.	aureus secretes 10 other proteases: the serine protease-like fam-
ily (SplA-F), the epidermolytic toxins ETA and ETB, two cysteine protease staphopain A 
(ScpA) and staphopain B (SspB). A role in immune evasion has now also been shown for 
SspB which kills neutrophils and monocytes and blocks phagocytosis of S.	aureus (54,55). 
The fact that all S.	aureus proteases are secreted abundantly and regulated by the acces-
sory gene regulator (agr), which controls expression of a large group of secreted virulence 
factors (56,57), suggests that staphylococcal protease are important to bacterial virulence. 
Also, it seems likely that other functions of these proteases lie in the interactions with the 
immune system.
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Supplemental figures

Supplemental figure 1. C5a specificity of calcium mobilization assay. 
Serum	(10%)	or	C5-depleted	serum	(10%)	was	incubated	with	heat-killed	bacteria.	Release	of	C5a	in	bacterial	
supernatants	was	measured	by	a	calcium	mobilization	assay	using	U937-C5aR	cells.	C5-depleted	serum	was	
repleted	with	10	μg/ml	C5.	Preincubation	of	cells	with	the	C5aR	antagonist	CHIPS	(10	μg/ml)	blocks	calcium	mo-
bilization.	The	relative	calcium	mobilization	was	calculated	by	dividing	the	fluorescence	after	stimulation	by	the	
baseline	fluorescence.

Supplemental figure 2. Different aureolysin:C3 ratios. 
1	μM	purified	C3	was	incubated	with	different	concentrations	of	aureolysin	for	1	h	at	37oC	in	Hepes++.	Cleavage	
was	analyzed	by	SDS-PAGE	under	reducing	conditions	and	coomassie	staining.
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Abstract

The complement system rapidly detects and kills Gram-negative bacteria and supports 
bacterial killing by phagocytes. However, bacterial pathogens exploit several strategies to 
evade detection by the complement system. The Alkaline protease (AprA) of P.	aeruginosa 
has been associated with bacterial virulence and is known to interfere with complement-
mediated lysis of erythrocytes, but its exact role in bacterial complement escape is un-
known. In this study, we analyzed how AprA interferes with complement activation and 
whether it can block complement-dependent neutrophil functions. We find that AprA po-
tently blocks phagocytosis and killing of Pseudomonas by human neutrophils. Furthermore, 
AprA inhibits opsonization of bacteria with C3b and the formation of the chemotactic agent 
C5a. AprA specifically blocks C3b deposition via the classical and lectin pathways while the 
alternative pathway is not affected. Serum degradation assays revealed that AprA degrades 
both human C1s and C2. However, repletion assays demonstrated that the mechanism of 
action for complement inhibition is cleavage of C2. In summary, we show that P.	aeruginosa 
AprA interferes with classical and lectin pathway mediated complement activation via 
cleavage of C2.
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Introduction

The innate immune system rapidly detects and kills invading bacteria via different mecha-
nisms, such as Toll-like receptors (TLR) and the complement system. TLRs are expressed on 
immune cells and detect an enormous variety of microorganisms via recognition of highly 
conserved microbial molecular patterns, such as flagellin via TLR5 and LPS via TLR4 (1). 
Upon ligand binding, TLRs trigger an intracellular signalling cascade that leads to produc-
tion of pro-inflammatory cytokines and activation of phagocytes. The complement system 
is a proteolytic cascade of plasma proteins, which results in direct killing of certain micro-
organisms and efficient bacterial recognition by phagocytes. The complement system con-
sists of three distinguished pathways of which the classical (CP) and lectin pathway (LP) are 
important for recognition of bacteria, while the alternative pathway (AP) serves as and 
amplification loop. The CP and LP are initiated by binding of C1q and Mannose Binding Lec-
tin (MBL) to bacterium-bound antibodies or bacterial sugars respectively (2). The C1q- and 
MBL-associated proteases (C1s and MASP2) cleave the complement molecules C4 and C2 to 
induce formation of the C3 convertase complex (C4b2a). Cleavage of C3 by convertases is 
critical to opsonisation of the bacterial surface with C3b, which is recognized by comple-
ment receptors on neutrophils and supports phagocytosis and killing. Further downstream 
in the cascade, formation of C5 convertases and cleavage of C5 results in generation of the 
potent anaphylatoxin C5a and the formation of C5b-9, the membrane attack complex 
(MAC) that directly kills Gram-negative bacteria (3). 

The Gram-negative bacterium Pseudomonas	aeruginosa lives in water and soil and acts as 
an opportunistic pathogen in humans and plants. In healthy individuals, P.	aeruginosa is 
efficiently killed via the innate immune system; however it causes chronic infections in im-
munocompromised patients. For instance, cystic fibrosis patients suffer from chronic infec-
tions caused by P.	aeruginosa that cannot be eradicated after colonization. Strains isolated 
from cystic fibrosis patients rapidly adapt to the environment in the lung, resulting in dra-
matic genetic and morphological changes (4). Infection by P.	aeruginosa is complicated by 
its inherent resistance to several classes of antibiotics and acquisition of resistance genes 
via mobile genetic elements (5). In addition, biofilm formation enhances the resistance to 
antibiotics in the cystic fibrosis lung (6). Remarkably, the strains isolated from CF patients 
are generally sensitive to direct complement killing, which is different from strains isolated 
from non-CF patients. These serum-resistant strains consume more C5b-9 complement 
components and have less C3b deposited on their surface (7). 

Bacterial survival in the host is accompanied by the acquisition of different immune evasive 
strategies. These strategies involve alteration of the bacterial surface such as production of 
a capsule or immune-modulating membrane proteins, or secretion of soluble immune eva-
sion proteins such as proteolytic factors. P.	aeruginosa secretes a number of toxins and 
virulence factors like elastase and alkaline protease. Elastase cleaves a wide variety of host 
proteins such as collagen, IgG and complement proteins (8). Alkaline protease (AprA) is a 50 
kD zinc metalloprotease that degrades several components of the host immune system 
such as complement C1q and C3 (9) or cytokines like IFN-gamma and TNF-alpha (10). In ad-
dition, AprA prevents TLR5 activation via the cleavage of monomeric flagellin (Bardoel et al. 
PLoS Pathogens, in press). The AprA is secreted via its own type I secretion system, that is 
encoded by three genes upstream of the aprA gene. P.	aeruginosa also encodes a highly 
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specific inhibitor of alkaline protease named AprI, which is translocated to the periplasmic 
space according to its signal sequence. The role of AprA in Pseudomonal virulence has been 
illustrated in a Drosophila infection model (11). AprA contributes to the persistence of P. 
entomophila infection, and protects against antimicrobial peptides produced by the innate 
immune system of Drosophilia.

In a previous study Hong et	al. showed that AprA cleaves complement components C1q and 
C3 and inhibits lysis of sheep erythrocytes via the membrane attack complex (9). However, 
since P. aeruginosa is generally resistant to direct lysis via the membrane attack complex, 
we wondered whether cleavage of complement proteins by AprA contributes to Pseudo-
monal immune evasion. We find that AprA blocks various important complement functions 
hampering the bacterial clearance by human neutrophils. Furthermore, by using biological 
assays with more physiological relevant protease concentrations, we uncovered that AprA 
specifically blocks the classical and lectin pathways and predominantly cleaves comple-
ment protein C2.

Materials and methods

Proteins,	sera	and	bacterial	strains

C3 was purified from human plasma as described (12). The purified components C1, C2, and 
C4 were purchased from Quidel. C1s was obtained from R&D and C2-depleted serum was 
purchased from Sigma. Normal human serum was obtained from healthy volunteers, who 
gave informed consent. AprA and AprI of P.	aeruginosa PAO1 were expressed and isolated 
from E.	coli	as described (Bardoel et al. 2011 Plos Pathogens – in press). Bacterial strains: P.	
aeruginosa PAO1, E.	coli K-12 and GFP-PAO (13)1 (kindly provided by J.M. Beekman) 

CH50

The classical pathway hemolytic assay was performed as previously described (14) with 
minor modifications. Serum was pre-incubated with 20, 66 and 200 nM AprA or 200 nM 
AprA plus 1000 nM AprI for 30 min at 37°C. Subsequently, opsonized sheep erythrocytes 
(anti-sheep IgM) were incubated with AprA-treated serum in veronal buffered saline con-
taining 0.5 mM CaCl2 and 0.25 mM MgCl2. After 30 min at 37°C samples were centrifuged, 
and the absorbance of the supernatants at 405 nm was measured. 

E.	coli	killing

E.coli	K12 was cultured in LB medium (Oxoid) overnight at 37°C. The next day, the overnight 
culture was diluted 20 times in LB and grown until an OD660nm of 0.5. Bacteria were 
washed with RPMI supplemented with 0.05% HSA. Human pooled serum (HPS) was incu-
bated with different concentrations AprA with or without 1000 nM AprI for 30 min at 37°C 
in RPMI-HSA. Subsequently, bacteria were added (1x105/ml) and incubated for 1 h at 37°C. 
Colony forming units (CFU) were determined by plating serial dilutions on Tryptic soy agar 
+ 5% sheep blood (Oxoid). 

Phagocytosis	and	killing	

Phagocytosis assays were performed as described (15). In short, serum was pre-incubated 
with buffer, 200 nM AprA, or 200 nM AprA plus 1000 nM AprI in RPMI containing 0.1% HSA 
for 30 min at 37oC. Then, 2.5x105 freshly isolated human neutrophils and 2.5x106 GFP-la-
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beled, heat-killed P.	aeruginosa were added and incubated for 15 min at 37oC while shaking 
at 600 rpm. The reaction was stopped by adding 1% ice-cold paraformaldehyde in RPMI 
containing 0.1% HSA. Phagocytosis was analyzed using the FACSCalibur (Becton Dickinson). 
In another experiment, different concentrations of AprA were incubated with 5 % serum in 
RPMI containing 0.1% HSA for 30 min at 37oC. The IC50 was calculated with the formula y=-
0.2793x + 85.536. 

For neutrophil killing assays, P.	aeruginosa was grown to an OD660 of 0.5 in LB and subse-
quently washed in RPMI containing 0.1% HSA. Then, 5% serum was pre-incubated with 
buffer, 200 nM AprA, or 200 nM AprA plus 1000 nM AprI for 30 min at 37oC. Subsequently, 
2.5 x 105 P.	aeruginosa and 8.5 x 106 neutrophils were added and incubated at 37oC. At dif-
ferent time points a sample was taken and neutrophils were lysed with Milli-Q. Surviving 
bacteria were enumerated by plating serial dilutions on LB agar.

Figure 1. Secreted AprA concentration sufficient to inhibit complement activity
(a)	Overnight	culture	of	P.	aeruginosa	(PAO1)	was	diluted	ten	times	in	IMDM.	After	2,	4	and	6	hours	supernatant	
was	 collected	and	analyzed	 for	AprA	production	by	western	blot	 using	a	polyclonal	 antibody	against	AprA.	 (b)	
Serum	was	preincubated	with	AprA	with	or	without	AprI	(1000	nM)	for	30	min	at	37°C.	Treated	serum	was	mixed	
with	opsonized	sheep	erythrocytes	and	incubated	for	1	h	at	37°C.	Erythrocytes	were	pelleted	and	optical	density	
of	supernatant	at	405	nm	was	measured.	(c)	Serum	was	preincubated	with	different	concentrations	AprA	(nM)	or	
together	with	1000	nM	AprI	for	30	min	at	37°C.	Subsequently,	E.coli	K12	(1x105	CFU/ml)	in	RPMI-HSA	was	added	
to	treated	serum	for	1	h	at	37°C.	Number	of	surviving	bacteria	per	ml	(CFU/ml)	was	determined	by	serial	dilutions.	
Data	represent	mean	±	SEM	of	three	independent	experiments.	Data	are	expressed	as	relative	lysis	compared	to	
lysed	erythrocytes	and	represent	mean	±	SEM	of	three	independent	experiments.
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C3b	deposition	on	P.	aeruginosa

An overnight culture of P. aeruginosa strain PA01-GFP in LB was washed in veronal buffered 
saline containing 0.5 mM CaCl2 and 0.25 mM MgCl2 and 0.1% BSA. Serum was pre-incubat-
ed with different concentrations AprA with or without AprI for 30 min at 37oC. Then, 2.5 x 
106 bacteria were incubated with the pre-incubated serum for 30 min while shaking at 900 
rpm. Bacteria were washed with PBS with 0.1% BSA. C3b deposition was detected using 
mouse anti-human C3b antibodies (WM-1, ATCC) and APC-conjugated goat anti-mouse IgG 
(Protos). Fluorescence of 10,000 bacteria was measured by flow cytometry. 

C5a	analysis

An overnight culture of	P.	aeruginosa strain PAO1 in LB was washed in RPMI with 0.1% HSA. 
10% Serum and 200 nM AprA or 200 nM AprA plus 1000 nM AprI were pre-incubated for 30 
min at 37oC and subsequently incubated with 5 x 107 bacteria at 37oC for 30 min while shak-
ing at 600 rpm. Bacteria were centrifuged and C5a was detected in collected supernatants 
by calcium mobilization: 10-fold diluted supernatants were added to 5 x104 Fluo-4-AM la-
beled U937-C5a receptor cells (U937-C5aR; a generous gift from Prof. Eric Prossnitz, Univer-
sity of New Mexico, Albuquerque, USA) and the increase of intracellular calcium was mea-
sured by flow cytometry. 

Complement	assays

Complement ELISAs were performed as described (16) with modifications. ELISA plates 
(Nunc, Maxisorb) were coated overnight with 20 μg/ml LPS (Salmonella enteriditis, Sigma), 
3 μg/ml IgM (Quidel) or 10 μg/ml mannan (Saccharomyces cerevisiae, Sigma) in 0.1 M sodi-
umcarbonate buffer pH 9.6. Plates were blocked with 4% BSA in PBS with 0.05% Tween for 
1 h at 37oC. For the CP and LP, samples were diluted in veronal buffered saline containing 
0.5 mM CaCl2 and 0.25 mM MgCl2, 0.1% gelatin, and 0.05% Tween. For the AP, samples 
were diluted in veronal buffered saline containing 5 mM MgCl2, 10 mM EGTA, 0.1% gelatin, 
and 0.05% Tween. Serum or C2 depleted serum was mixed with different concentrations 
AprA or AprA together with AprI and subsequently added to the plates for 1 h at 37oC. De-
posited C3b and C4b were detected using antibodies against C3d (WM-1 DIG-labeled) and 
C4d respectively (Quidel), followed by peroxidase (PO)-conjugated sheep anti-DIG or a goat 
anti–mouse IgG (Southern Biotechnology) respectively. For the repletion experiment IgM-
coated plates were used and the assay was performed as described above. In short, 1 % 
serum was pre-incubated with 200 nM AprA for 30 min at 37oC. Then, 1000 nM AprI was 
added together with C1 (2 nM), C1s (3 nM), C2 (2 nM), C3 (67 nM), or C4 (20 nM) and the 
mixtures were added to the plate for 1 h at 37oC. C3b deposition was detected as described 
above. 

C2	cleavage

C2 was incubated with different concentration of AprA for 30 min at 37oC in veronal buff-
ered saline containing 0.5 mM CaCl2 and 0.25 mM MgCl2. Proteins were subjected to SDS-
PAGE and transferred to a PVDF membrane. Cleavage products were visualized with 0.1% 
Coomassie blue in 50% methanol, excised and analyzed by N-terminal sequencing (Alph-
alyse).

Western blotting

PAO1 was cultured overnight in LB and subsequently diluted 10 times in IMDM (Invitrogen). 
Bacterial supernatant was collected after 2, 4 and 6 hours. The presence of AprA in super-
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Figure 2. AprA inhibits complement-dependent effector functions important for P. aeruginosa
(a	and	b),	Phagocytosis	of	P.	aeruginosa	PAO1-GFP	by	human	neutrophils	in	the	presence	of	human	serum	and	AprA.	
(a),	AprA	blocks	phagocytosis	of	bacteria	in	human	serum.	(b),	Dose-dependent	inhibition	of	phagocytosis	by	AprA	
in	5%	serum.	(c),	 Inhibition	of	C3b	deposition	on	P.	aeruginosa	by	AprA.	Serum	was	preincubated	with	different	
concentrations	of	AprA	(nM)	and	mixed	with	bacteria.	Deposition	of	C3b	on	the	bacterial	surface	was	measured	
by	flow	cytometry.	(d),	Inhibition	of	C5a	release	by	AprA.	Serum	(10%)	was	preincubated	with	AprA	with	or	with-
out	AprI	and	subsequently	incubated	with	bacteria.	Release	of	C5a	in	bacterial	supernatants	was	measured	by	a	
calcium	mobilization	assay	using	U937-C5aR	cells.	(e),	AprA	blocks	killing	of	P.	aeruginosa	by	human	neutrophils	in	
5%	serum	(AprA	at	200	nM	and	AprI	at	1000	nM).	All	figures	represent	mean	±	SEM	of	three	independent	experi-
ments.	For	(d),	the	relative	calcium	mobilization	was	calculated	by	dividing	the	fluorescence	after	stimulation	by	the	
baseline	fluorescence.	For	(e),	the	relative	survival	was	calculated	by	dividing	the	number	of	CFUs	by	the	number	
of	CFUs	at	time	point	zero.

a b

c d

e

0

20

40

60

80

100

1 10

buffer
AprA
AprA + AprI

0
Serum (%)

Ph
ag

oc
yt

os
is

(%
 o

f p
os

iti
ve

 c
el

ls
)

0

20

40

60

80

100

10 100 10000

Baseline

IC50=84nM

AprA (nM)

Ph
ag

oc
yt

os
is

(%
 o

f p
os

iti
ve

 c
el

ls
)

No bac
ter

ia
Buffe

r
AprA

AprA
 + 

AprI
0

5

10

15

C
al

ci
um

 M
ob

ili
za

tio
n

2.5
% 5%

0.0

0.2

0.4

0.6

0.8

1.0

1.2
Buffer
AprA 22
AprA 66
AprA 200
AprA + AprI

Serum

R
el

at
iv

e 
C

3b
 d

ep
os

iti
on

Buffe
r

AprA

AprA
 + 

AprI
0.0

0.2

0.4

0.6

0.8

1.0

*

R
el

at
iv

e 
Su

rv
iv

al



52 Chapter 3

CH
A

PT
ER

natant of P.	aeruginosa	was analyzed by Western blotting using a protein G-purified poly-
clonal rabbit anti-AprA (Genscript), followed by a goat anti-rabbit IgG antibody (Southern 
Biotech).

Analysis of complement factor cleavage in serum was performed by Western blotting. 3% 
serum was incubated with different concentrations AprA at 37oC in PBS. The reaction was 
stopped by adding Laemli sample buffer containing DTT. All samples were subjected to 
SDS-PAGE and blotted onto a PVDF membrane. After blocking with 4% skimmed milk in PBS 
containing 0.1% Tween, C1s, C2, C3, C4 and fB was detected by a mouse anti-human C1s 
antibody (Quidel), goat anti-human fB, C2 (both Quidel), and C3 antibody (Protos), and 
chicken anti-human C4 (Quidel), respectively, followed by a donkey anti-goat IgG antibody 
(Jackson) diluted in PBS with 0.1% Tween and 1% skimmed milk. ECL (GE Healthcare) was 
used for final signal detection.

Results

Physiological	AprA	levels	inhibit	complement-mediated	lysis
To study the functional relevance of AprA secretion by P.	aeruginosa on the complement 
system, we first estimated AprA concentrations in culture supernatants. Supernatants 
were collected at different time points and analyzed for AprA expression by Western blot-
ting using an antibody against AprA (figure 1a). The levels of AprA in the supernatant were 
semi-quantified by comparison with fixed concentrations of recombinant AprA. The AprA 
concentration at 6 hours of culture was estimated between 22-66 nM (1-3 µg/ml). As AprA 
has been described to inhibit complement-dependent hemolysis via the membrane attack 
complex, we repeated the assay to confirm AprA activity. AprA inhibited the lysis of anti-
body-sensitized sheep erythrocytes, a classical pathway-meditated hemolysis assay, which 
was restored in the presence of AprI (figure 1b). Furthermore, we tested different concen-
tration of AprA in a serum-killing assay using E. coli as a model. In contrast to P.	aeruginosa	
strain PAO1, E.	coli K-12 is not serum-resistant and is lysed at low serum concentrations due 
to incorporation of the lytic MAC. Indeed, AprA inhibited the complement-dependent lysis 
with an estimated IC50 of 30 nM, which is in a similar concentration range as detected in 
the supernatant (figure 1c). The natural inhibitor AprI blocks proteolytic activity of AprA 
(17) thereby allowing complement-dependent lysis of E. coli. Thus, AprA blocks comple-
ment-dependent lysis in a concentration range similar to AprA levels in P. aeruginosa super-
natant. 

AprA	inhibits	complement-dependent	neutrophil	functions	important	for	P.	aerugi-
nosa	killing
Since many P.	aeruginosa strains are resistant to direct complement lysis (18), we investi-
gated whether AprA facilitates resistance to other complement processes that are critical 
to neutrophil functioning. To study whether AprA blocks complement-dependent phagocy-
tosis, we incubated GFP-labeled P. aeruginosa with human neutrophils in the presence of 
human serum and AprA. AprA blocked the phagocytosis compared to buffer or AprA sup-
plemented with AprI (figure 2a), and its activity is dose-dependent (figure 2b). The IC50 of 
AprA is 84 nM, which is in the relevant range produced by P.	aeruginosa. Incubation of P.	
aeruginosa with serum results in the deposition of C3b molecules on the bacterial surface, 
which are recognized by complement receptors on phagocytes. To study whether AprA in-
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hibits the C3b deposition, we incubated bacteria with serum and detected surface-bound 
C3b using specific antibodies and flow cytometry. AprA inhibited C3b deposition on Pseu-
domonas at comparable concentrations as observed for phagocytosis of P.	aeruginosa (fig-
ure 2c). Further along the complement cascade, C5 is cleaved into the potent anaphyla-
toxin C5a that is recognized by the C5a receptor on neutrophils. Activation of the C5a 
receptor induces intracellular calcium mobilization and chemotaxis of the neutrophil to the 
site of inflammation. We incubated P.	aeruginosa with serum and studied the release of 
C5a into the supernatant by measuring the supernatant-induced calcium mobilization on 
Fluo-3-AM labeled U937 cells transfected with the C5a receptor. When bacteria were incu-
bated with AprA, supernatants could not induce calcium mobilization, meaning that AprA 
inhibited C5a formation (figure 2d). To verify that AprA also inhibits the killing of P.	aerugi-
nosa by neutrophils, we incubated neutrophils with bacteria and serum and determined 
the percentage of survival after 15 min. After 15 min 80% of the bacteria were killed. AprA 

Figure 3. AprA inhibits complement activation via the classical and lectin pathways
Serum	was	incubated	with	different	concentrations	of	AprA,	and	complement	activation	via	the	CP,	LP	and	AP	was	
determined	via	ELISA.	AprA	prevents	C3b	deposition	via	the	CP	(a)	and	the	LP	(b),	but	not	the	AP	(c).	No	inhibition	
of	C4b	deposition	was	observed	via	the	CP	(d)	and	LP	(e).	All	figures	represent	mean	±	SEM	of	three	independent	
experiments.
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inhibited the killing of P.	aeruginosa, but not completely, showing a killing of 40% after 15 
min. This effect was restored in the presence of AprI. In summary, AprA inhibits all comple-
ment dependent effector functions, which allows P.	aeruginosa	to escape neutrophil kill-
ing. 

AprA	inhibits	complement	activation	via	the	classical	and	lectin	pathways
To further study the effect of AprA on the complement system, we dissected the individual 
pathways using pathway-specific complement ELISA’s (16). The classical (CP), lectin (LP) and 
alternative pathway (AP) were specifically induced in the presence of serum using the coat-
ings IgM, mannan, and LPS respectively. The level of C3b deposition was detected with 
specific antibodies. AprA strongly inhibited the C3b deposition of the CP (figure 3a) and LP 
(figure 3b) at all tested serum concentrations. Inhibition of the AP was not observed at 
AprA concentrations up to 66 nM (figure 3c). As mentioned above, C3b deposition via the 
CP and LP is mediated by C3 convertases, bimolecular complexes that consist of the prote-
ase C2a loosely attached to surface-bound C4b. C4b and C2a are formed by cleavage of C4 
and C2 by the C1 or MBL-MASP2 complexes. To study at what level AprA affects these path-
ways, we also analyzed the C4b deposition. In contrast to C3b deposition, AprA did not 
block C4b deposition in the CP and LP (figure 3d and e). This indicates that AprA specifically 
blocks the CP and LP upstream of C3 and downstream of C4 activation in the complement 
cascade. 

Figure 4. AprA depletes the limiting factor C2
(a)	AprA	degrades	C2	and	C1s.	Different	concentrations	of	AprA	were	incubated	with	3%	serum	for	30	min	at	37oC.	
C1s,	C2,	C3,	C4	and	fB	were	detected	by	western	blotting.	(b)	C2	is	the	limiting	factor.	Serum	(1%)	was	preincubated	
with	200	nM	AprA	for	30	min	at	37oC.	Then,	0.2	µM	AprI	was	added	to	stop	the	AprA	cleavage,	together	with	C1,	
C1s,	C2,	C3,	or	C4.	Complement	activation	via	the	CP	was	determined	by	ELISA	by	detecting	C3b	deposition.	For	
b,	the	data	represent	mean	±	SEM	of	three	independent	experiments.	Blots	are	representatives	of	three	separate	
experiments.
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AprA	depletes	the	limiting	factor	C2
Many complement factors are involved in the CP and LP that induce C3b deposition. How-
ever, only two factors (C2 and C3) are involved after C4b deposition and before C3b deposi-
tion. To identify the critical factor that is cleaved by AprA, we incubated human serum with 
AprA for 30 min at 37°C. The complement factors C2, C3 and C4 were analyzed by western 
blotting. As control C1s, important for C4b deposition of the CP, and fB, involved in C3 con-
vertase formation of the AP, were detected. AprA efficiently cleaved C2, while C3, C4 and 
fB were not affected (figure 4a). In addition, cleavage of C1s by AprA was observed, how-
ever this was less efficient than C2 cleavage. We used the CP complement ELISA to dis-
criminate the limiting factor that was cleaved by AprA. First we incubated serum with AprA 
and inactivated the protease by adding the irreversible inhibitor AprI. Then, treated serum 
was used in the CP ELISA supplemented with the different purified complement factors. 
Only the serum that was supplemented with purified C2 could restore the complement 
activation, while AprA-treated serum supplemented with C1, C1s, C3 showed no activity 
(figure 4b). Thus, even though AprA also cleaves C1s, the cleavage of C2 determines inhibi-
tion of complement activation.

Figure 5. AprA cleaves C2
(a)	C2	cleavage	by	AprA.	Purified	C2	was	incubated	with	different	concentrations	AprA	and	cleavage	was	analyzed	
by	SDS-PAGE	and	Coomassie	staining.	Cleavage	product	1,	2,	and	3	were	sent	for	N-terminal	sequencing.	(b)	Se-
quence	of	human	C2	with	the	obtained	N-terminal	sequences	of	cleavage	products	1,	2,	and	3	underlined.	(c)	Sche-
matic	representation	of	C2.	Indicated	are	the	domains	and	the	cleavage	site	for	C1s,	MASP2,	and	AprA
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AprA	cleaves	C2
C2 is a 100kDa protein that consists of three Complement Control Protein regions (CCP1-3), 
a von Willebrand Factor A (vWFA) domain and a peptidase domain. The cleavage of C2 by 
its natural proteases C1s and MASP2 results in formation of C2b (CCP1-3) and C2a (VWFA 
and peptidase domain) (figure 5b and c). For the formation of a functional C3 convertase 
(C4b2a), full-length C2 first binds to C4b and is subsequently cleaved. C2b is then released, 
while C2a stays attached to C4b. The C4b2a convertase has a very short half-life due to the 
irreversible dissociation of C2a. C2 cleavage by AprA was further analyzed by SDS-PAGE and 
Coomassie staining. After incubating of purified C2 with AprA, we observed three cleavage 
products of respectively ~75kDa, ~40kDa and ~30kDa, which were send for N-terminal se-
quencing (figure 5a). Cleavage product 1 starts with NH2-IQIQRS, which is only one amino 
acid different from C2a (starts with NH2-KIQIQR). At higher protease concentrations, an 
increase in cleavage product 2 is observed meaning that AprA secondly cleaves between 
the VWFA and peptidase domain. Next to C2a, AprA cleaves C2b between CCP1 and CCP2. 
These data indicate that AprA efficiently interferes with CP and LP activation via the degra-
dation of C2.  

Discussion

Bacterial pathogens adopt many strategies to counteract the redundant attack of the hu-
man host defense. For instance, bacteria secrete many proteins that specifically interact 
with the complement system, which can either be proteolytic or steric interactions (19, 20). 
In the defense against Gram-negative bacteria, the complement system directly destroys 
cells by inserting the pore-forming MAC into the bacterial membrane (21). Whereas all 
Gram-positive bacteria are protected from MAC lysis due to their thick peptidoglycan layer, 
some Gram-negative bacteria have also become resistant to direct complement attack by 
altering their surface properties (22). The Gram-negative pathogen P. aeruginosa does this 
by lengthening the O-antigen side chains of lipopolysaccharide in the outer membrane (18). 
However, resisting the MAC is likely not sufficient for Gram-negative pathogens to fully 
overcome complement-mediated immune clearance. Complement also labels these bacte-
ria with C3b to support phagocytic uptake and generates C5a to attract phagocytes to the 
site of infection. In vivo studies have shown that complement receptor 3 (23, 24) and the 
C5a receptor (25-27) on neutrophils are important for protection against P.	aeruginosa lung 
infection. Here we show that P.	aeruginosa also inhibits other steps in the complement 
cascade by secretion of the metalloprotease AprA. AprA blocks classical and lectin pathway 
activation and thereby prevents C3b-dependent uptake of Pseudomonas by neutrophils 
and C5a-dependent neutrophil activation. Previously it was shown that AprA inhibits MAC-
dependent lysis of erythrocytes (9). Now we indicate how AprA contributes to pseudo-
monal resistance against complement effector functions relevant to host clearance of this 
bacterium. Furthermore, we identify the molecular mechanism to be cleavage of C2. 

AprA is the first bacterial protease that cleaves C2. Since C2 concentrations in serum (0.25 
μM) are low compared to other complement molecules (C3 at 6.8 μM, C4 at 2.1 μM), this 
molecule is a vulnerable target for proteolytic degradation. Interestingly, we find that AprA 
cleaves C2 very close to the cleavage site of its natural proteases C1s and MASP2. Strikingly, 
this is similar to the Staphylococcus aureus metalloprotease aureolysin, which cleaves the 
C3 molecule two amino acids apart from the natural protease cleavage site (28)(. Likely, the 
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natural cleavage site in these proteins is an accessible part of the protein that makes it vul-
nerable for cleavage by bacterial proteases. Figure 6 provides a schematic overview of how 
we think AprA blocks complement activation. The formation of the C4b2a convertase is a 
multistep process (29). First, C2 binds surface-bound C4b and is subsequently cleaved into 
C2a forming the active convertase. Due to its short half-life, C2a is released from the com-
plex and cannot re-associate with C4b. The fluid-phase cleavage of C2 by AprA will prevent 
formation of the pro-convertase C4bC2 and an active C4b2a complex. At present, it is not 
clear whether the additional cleavage sites of AprA in C2 (between CCP1 and CCP2, and 
between the VWFA and peptidase domain) are functionally relevant. 

Production of AprA by P.	aeruginosa differs among strains and is highly dependent on cul-
ture conditions (30). This is illustrated by the enhanced production of AprA by culturing in 
the presence of sputum from cystic fibrosis patients. (31). P.	aeruginosa produces detect-
able levels of AprA in vivo as measured in samples obtained from patients with corneal in-
fections (32) and in sputum isolated from cystic fibrosis patients (33, 34). The observed in 
vivo concentrations tend to be in a different range than observed in P.	aeruginosa over-
night cultures and the concentrations used in our study. However, determination of AprA 
concentration in vivo is complicated by the fact that AprA is produced locally in the sur-
rounding of the bacterium, and subsequently diluted or degraded by host proteases in 
clinical samples. In a rat pouch model only small amounts of injected recombinant AprA 
could be recovered after six hours (35), suggesting that production of AprA in vivo is a lot 
higher than measured. Here we show that AprA cleaves C1s and C2 in concentrations simi-
lar to levels secreted by P.	aeruginosa in functionally relevant time incubations. However, 
increasing AprA concentrations or incubation times allows cleavage of more complement 
factors such as C3 and C4 (data not shown). A previous paper also showed that AprA cleaves 
C3 and C1q, but high concentrations of AprA (400 nM) and long incubation times (20 h) 
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C3 
convertase

C3b

C2b

C4b

C2a

C4

C2

C1s
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C2a

C1r

C1q

a b

Figure 6. Schematic representation of the complement-inhibitory mechanism of AprA.
(a)	In	the	classical	pathway,	fluid-phase	C4	and	C2	are	cleaved	by	C1s	(MASP2	for	the	lectin	pathway)	on	the	bacte-
rial	surface.	This	results	in	the	formation	of	the	C3	convertase	(C4b2a),	which	cleaves	C3	resulting	in	C3b	deposition	
on	the	bacterial	surface.	(b)	Complement	activation	in	the	presence	of	AprA.	C2	is	cleaved	by	AprA	into	fluid-phase	
C2a	and	C2b,	subsequently	further	cleavage	of	both	C2a	and	C2b	occurs.	Since	fluid-phase	C2a	cannot	bind	to	C4b,	
an	active	C3	convertase	cannot	be	generated.	In	this	way,	AprA	prevents	C3b	deposition	on	the	bacterial	surface	
and	downstream	complement	effector	functions.			
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were used (9). Our functional repletion assay (figure 4b) clearly showed that complement 
inhibition by AprA is exclusively mediated by the cleavage of C2. Furthermore, the cleavage 
of C2 is in line with our findings that AprA does not affect the alternative pathway, since 
activation of this route is not dependent on C2. The AprA concentrations used for cleavage 
of C2 were in a similar range as previous studies examining AprA cleavage of flagellin (Bar-
doel et al. PLoS Pathogens, in press) and other human immune proteins (8). 

Thus, we show that AprA blocks activation of the classical and lectin pathway by degrading 
C2. Thereby P.	aeruginosa evades complement-mediated phagocytosis and killing by neu-
trophils. Known other complement-modulating proteins of P.	aeruginosa are: the intracel-
lular elongation factor tuf binds factor H (36), Elastase degrades C3 (37) and Protease IV 
degrades C1q and C3 (38). As observed for other bacterial pathogens (20), complement 
resistance factors in P.	aeruginosa	are probably as redundant as the complement system 
itself. Especially since P.	aeruginosa	strains from CF patients are sensitive to complement 
lysis (39, 40), we expect this bacterium to have multiple molecules that counteract comple-
ment activation and enable bacterial survival in the human host.
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Abstract

The CXC chemokine receptor 2 (CXCR2) on neutrophils, which recognizes chemokines pro-
duced at the site of infection, plays an important role in antimicrobial host defenses such 
as neutrophil activation and chemotaxis. Staphylococcus aureus is a successful human 
pathogen secreting a number of proteolytic enzymes,	but their influence on the host im-
mune system is not well understood. Here we identified the cysteine protease Staphopain 
A as a chemokine receptor blocker. Neutrophils treated with Staphopain A are unrespon-
sive to activation by all the unique CXCR2 chemokines due to cleavage of the N-terminal 
domain, which can be neutralized by adding the specific inhibitor Staphostatin A. By com-
paring a methicillin-resistant S.	aureus (MRSA) strain with an isogenic Staphopain A mutant, 
we demonstrate that Staphopain A is the only secreted protease with activity towards 
CXCR2. Moreover, we show that neutrophil migration towards CXCR2 chemokines is inhib-
ited when cells are treated with Staphopain A. Thus the Staphopain A cysteine protease 
from S.	aureus is an important immunomodulatory protein that blocks neutrophil recruit-
ment by specific cleavage of the N-terminal domain of CXCR2. 



65CXCR2	inhibition	by	Staphopain	A

FO
U

R

Introduction

Chemokine receptors are critical to the innate immune response since their activation re-
sults in the directed migration of inflammatory cells to the site of infection(1). Chemokine 
receptors are membrane-bound G protein-coupled receptors (GPCRs) that sense a wide 
variety of chemokines produced at the site of inflammation. The extracellular N-terminal 
regions of chemokine receptors are key to their activation: chemokines first bind to the N-
termini and induce a conformational change thereby interacting with the transmembrane 
domains to activate the receptor. An intracellular signal induces the exchange of GDP for 
GTP of the G protein, inducing an intracellular signaling cascade that leads to many effector 
functions such as the mobilization of intracellular calcium and actin polymerization both 
needed for morphological changes of cellular chemotaxis(2-4). 

During bacterial infections, CXCR2 is important for the rapid recruitment of neutrophils to 
the site of infection(5,6). Neutrophils are specialized in killing bacteria through multiple 
mechanisms including production of oxygen radicals and granule proteases. CXCR2 can be 
activated by multiple chemokines that are produced by local cells in response to the invad-
ing bacterium(7,8). Some chemokines uniquely bind to CXCR2 (CXCL1 (GRO-α), CXCL2 
(GRO-β), CXCL3 (GRO-γ), CXCL5 (ENA-78) and CXCL7 (NAP-2)) while others bind both  CXCR2 
and the highly homologous receptor CXCR1 (76% amino acid identity)(9) (CXCL6 (GCP-2) 
and CXCL8 (IL-8)). CXCR2 is highly expressed on neutrophils and lower on monocytes, lym-
phocytes and NK cells(10). 

Staphylococcus aureus is a bacterial pathogen that causes a broad range of acute and 
chronic infections in humans(11). Since the introduction of antibiotic therapies, S.	aureus 
has evolved resistance mechanisms causing the increased prevalence of Staphylococcal in-
fections including methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-re-
sistant Staphylococcus aureus (VRSA). The pathogenic success of S.	aureus is due in part to 
the large number of factors that promote adhesion to human extracellular matrices, colo-
nization, biofilm formation and resistance to the host immune system. Among these fac-
tors are secreted proteases, which initially were thought to be important only for nutrient 
acquisition. However, evidence is emerging that they are involved in immune evasion by 
interacting with neutrophils(12,13), antimicrobial peptides(14) and plasma proteins(15,16). 
Also it has been shown that S.	aureus proteases are associated with diseases such as the 
exfoliative toxins in Staphylococcal Scalded Skin Syndrome and the cysteine proteases in 
vascular leakage causing sepsis(17,18). 

Most S.	aureus strains secrete at least ten proteases, two of which are cysteine proteases 
also called “staphopains”. Staphopain A (ScpA) is secreted as a zymogen and activated by 
autolytic cleavage, resulting in the removal of a 23 kDa N-terminal propeptide. S.	aureus 
protects itself from proteolytic degradation by producing, within the same operon of Sta-
phopain A, a cytoplasmic inhibitor called Staphostatin A (ScpB). This inhibitor is specific for 
Staphopain A(19) and prevents premature autocatalytic activation by stabilizing the proS-
taphopain A zymogen. Staphopain A is known to cleave a number of human proteins includ-
ing elastin, collagen, fibrinogen and kininogen(17,20,21), and has been suggested to play a 
role in bacterial migration and sepsis. 
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Here we discover a role of Staphopain A in modulation of neutrophil responses. Staphopain 
A specifically cleaves the N-terminus of CXCR2 on human neutrophils and effectively inhib-
its important steps in neutrophil recruitment towards sites of inflammation.

Materials and methods

Proteins	and	reagents

Staphopain A (purified from S.	aureus culture supernatant) and recombinant Staphostatin 
A (purified from E.	coli) were purchased from BioCentrum. Mouse recombinant CXCL1 was 
purchased from Tebu-Bio. Recombinant human chemokines CXCL2, CXCL3, CXCL5, CXCL6 
and CXCL7 were obtained from R&D systems. CXCL8 was obtained from Tebu-Bio. fMLF and 
recombinant C5a were obtained from Sigma-Aldrich. 

Antibodies

The following fluorescently conjugated antibodies directed against neutrophil surface anti-
gens were obtained commercially: Phycoerythrin (PE)–conjugated CD32 (7.3, Fitzgerald), 
CD35 (E11, BD), CD44 (515, BD), CD47 (B6H12, BD), CD49b (12F1, BD), CD54 (HA58, BD), 
CD58 (1C3, BD), CD63 (CLB-gran/12, ImmunoTech), CD87 (VIM5, BD), CD88 (S5/1, Bioleg-
end), CD89 (Mip8a, Abd-Serotec), CD114 (LMM741, BD), CD119 (GIR-208, BD), CD162 (KPL-1, 
BD), CD181 (42705.111, R&D), CD182 (48311.211, BD), CD282 (T2.5, EBioscience) and CD321 
(M.Ab.F11, BD); Fluorescein isothiocyanate (FITC)–labelled CD9 (M-L13, BD), CD11a (HI111, 
BD), CD15 (MMA, BD), CD18 (6.7, BD), CD31 (WM59, BD), CD43 (6D269, Santa Cruz), CD46 
(E4.3, BD), CD62L (Dreg-56, BD), CD66b (G10F5, BD), CD66 (B1.1/CD66, BD), CD120a 
(16803.161, R&D), CD120b (22235.311, R&D), CD147 (HIM6, BD), LTB4R (202/7B1, Abd-Se-
rotec) and fMLF (Invitrogen); Allophycocyanin (APC)–labelled CD10 (MEM-78, Invitrogen), 
CD11b (ICRF44, BD), CD11c (B-ly6, BD), CD13 (WM15, BD), CD14 (M5E2, BD), CD29 (MAR4, 
BD), CD45 (HI30, BD), CD55 (IA10, BD), CD50 (CBR-IC3/1, BD) and Anti-Siglec-9 (191240, 
R&D); Alexa-647-labelled CD16 (3G8, BD).

Cloning,	expression	and	purification	of	soluble	CXCR21-48

For expression of the recombinant N-terminus of CXCR2 (CXCR21-48) in E.	coli, the B1 domain 
of protein G (GB1) was used as a fusion partner, as described previously(26) with modifica-
tions. In short, CXCR21-48 was expressed containing a C-terminal fusion of GB1 followed by a 
hexahistidine tag: CXCR21-48-GB1-His. For cloning, the GB1 template was produced by an 
overlap extension PCR in which four overlapping primers covering the complete GB1 se-
quence were mixed. As a target for CXCR2, we used human chromosomal DNA since CXCR2 
is encoded by a single exon. CXCR21-48 and GB1 were amplified by PCR with the following 
overlapping primer pairs: 5’-CAAAGCGAGGTCCATATGGAAGATTTTAACATGGAGAGTG-3’ / 
5’- TCAGAATCA CTTTATACTGCTTGTTGATTTCCAGGGATTC-3’ and 5’-TCCCTGGAAAT-
CAACAAG CAGTATAAAGTGATTCTGAACG-3’ / 5’-GCCGAATTCTTAATGGTGATGATGATG AT-
GTTCGGTCACCGTAAAGGTTTTGG-3’, respectively (NdeI and EcoRI recognition sites under-
lined). To anneal the CXCR21-48 and GB1 PCR products, we performed a third PCR using the 
CXCR21-48 5’-primer and the GB1 3’-primer. The final PCR product was ligated into the ex-
pression vector pRSETB (Invitrogen) using NdeI and EcoRI. After verification of the correct 
sequence the expression vector was transformed in E.	coli Rosetta-Gami(DE3)pLysS accord-
ing to the manufacturer’s protocol (Novagen). CXCR21-48-GB1-His was isolated under dena-
turing conditions on a Histrap column according to the manufacturer’s protocol (GE Health-
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care) and eluted under denaturing conditions with 100 mM EDTA (Ethylenediamine 
tetraacetic acid). The proteins were refolded by dialysis against PBS overnight. The protein 
was further purified on a Hiload 26/60 Superdex 75 PG (GE Healthcare) in PBS, followed by 
a MonoQ 5/50 GL (GE Healthcare) in 20 mM Tris 1mM DTT pH 7.4. Bound protein was 
eluted with a gradient of 20 mM Tris 1 mM DTT 1 M NaCl pH 7.4. Finally, CXCR21-48-GB1-His 
was dialysed against PBS and stored at -80oC. The purity and concentration was estimated 
by SDS-PAGE and Bradford protein assay (Pierce).

Bacterial	strains	and	supernatants

Bacterial	 strains.	 S.	 aureus strains were maintained in Tryptic Soy Broth (TSB) or Todd-
Hewitt broth (THB) (Oxoid), and when necessary, chloramphenicol was added to 10 mg/mL 
for plasmid maintenance. S.	aureus strain USA300 AH1263 was used as the wild-type strain 
in these studies(46). To construct the Staphopain A mutant in AH1263, plasmid pJB38-scpA	
(Wormann	et	al.	J.	Bact	-	in	final	review	stages)	was transformed into AH1263, and the scpA 
deletion mutation was constructed using the pKOR1 protocol(47). The mutation was veri-
fied through molecular analysis.

Supernatants. S.	aureus USA300 and its isogenic scpA mutant were cultured overnight in 
THB and subsequently diluted in Iscove’s Modified Dulbecco’s Medium (IMDM) to an OD660 
of 0.05. Bacteria were cultured for 6h while shaken at 37oC. Collected supernatants were 
passed through a 0.45 µm filter and concentrated 10 times using the Amicon Ultra-10 filters 
(MWCO 10kDa, Millipore). Concentrated supernatants were dialyzed against PBS and 
stored at -80oC.

Cells

Human neutrophils were isolated as previously described(33). Informed consent was ob-
tained from all subjects and was provided in accordance with the Declaration of Helsinki. 
Approval was obtained from the medical ethics committee of the UMC Utrecht the Nether-
lands. Untransfected and CXCR2-transfected human promonocytic U937 cells were a gen-
erous gift from Dr. E. Prossnitz (University of New Mexico, Albuquerque, NM). Cells were 
maintained in RPMI supplemented with 10% FCS and 1% Pen/strep. 

Antibody	competition	assay

The antibody competition assay using isolated neutrophils was performed as previously 
described(33) with minor modifications. In short, isolated neutrophils (5 x 106 cells/ml) 
were incubated with 0.5 µM Staphopain A or buffer for 15 min at 37oC in RPMI/0.05% HSA. 
Cells were washed and incubated with mixtures of fluophore-conjugated antibodies di-
rected against different cell surface receptors for 30 min on ice. After washing, fluores-
cence was measured using a FACSCaliburTM (BD). The inhibition was calculated by dividing 
the expression of buffer treated cells by Staphopain A treated cells.  Background was deter-
mined by using a PE conjugated isotype control (BD). After washing, CXCR2 staining was 
measured by flow cytometry. To address dose-dependency, neutrophils were incubated 
with different concentrations of Staphopain A for 15 min at 37oC in RPMI/0.05% HSA. Sta-
phostatin A was tested in another experiment using 1 µM Staphostatin A and 0.5 µM Sta-
phopain A. 
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Calcium	Mobilization

Calcium mobilization with isolated human neutrophils or U937-CXCR2 cells was performed 
as previously described(30). In short, Fluo-3-labelled cells (5 x 106 cells/ml) were incubated 
with buffer, 0.5 μM Staphopain A or 0.5 μM Staphopain A plus 1 μM Staphostatin A for 15 
min at 37oC in RPMI/0.05% HSA. Cells were washed and stimulated with different concen-
trations of fMLF, C5a, CXCL1, CXCL7 or CXCL8 and the increase in intracellular calcium was 
measured by flow cytometry. The relative calcium mobilization was calculated by dividing 
the fluorescence after stimulation by that of the background. The chemokines CXCL2, 
CXCL3, CXCL5 and CXCL6 were tested at a concentration of 3 x 10-9 M. In another experi-
ment, different concentrations of Staphopain A were incubated with Fluo-3-labelled neu-
trophils for 15 min at 37oC in RPMI/0.05% HSA. Cells were washed and stimulated with 3 x 
10-9 M CXCL1 and 1 x 10-8 M CXCL7.

CXCR2	cleavage	from	U937-CXCR2	cells

U937-CXCR2 cells (1 x 105 cells) were incubated with buffer, 0.5 µM Staphopain A, or 0.5 µM 
Staphopain A plus 1 µM Staphostatin A for 15 min at 37oC in RPMI/0.05% HSA. Cells were 
washed in ice-cold PBS and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1% Nonidet P-40, 
0.25% Na-deoxycholate, 150 mM NaCl, 1mM EDTA, 1mM PMSF, 1 µg/ml Aprotinin, 1 µg/ml 
leupeptin, 1 µg/ml pepstatin, 1 mM NaF, and 1 mM Na3VO4) for 30 min on ice. The lysates 
were centrifuged for 15 min 13,000 rpm at 4oC. Supernatants were dissolved in Laemli buf-
fer, subjected to SDS-PAGE and transferred to a PVDF membrane. The membrane was 
blocked with 2% BSA in PBS containing 0.1% Tween-20. CXCR2 was detected using mouse 
anti CXCR2 (clone 19, Abcam) followed by a peroxidase labelled goat anti-mouse (Biorad) 
diluted in PBS containing 2% BSA and 0.1% Tween-20. ECL (GE Healthcare) was used for 
signal detection. 

Cleavage	of	CXCR21-48-GB1-His

Instant	blue	staining. 7.5 µM CXCR21-48-GB1-His protein was incubated with concentrations 
ranging between 150 nM and 5,5 nM Staphopain A for 15 min at 37oC in PBS. The reaction 
was stopped by adding sample buffer containing DTT. Samples were subjected to SDS-PAGE 
and stained with Instant blue (Gentaur).

N-terminal	 sequencing. 6.75 µM CXCR21-48-GB1-His protein was incubated with 0.15 µM 
Staphopain A for 15 min at 37oC in PBS. Proteins were subjected to SDS-PAGE and trans-
ferred to a PVDF membrane. The cleaved CXCR21-48-GB1-His protein was visualized with 
0.1% Coomassie blue in 40% methanol, excised and analyzed by N-terminal sequencing 
(Alphalyse, Denmark).

Cleavage	of	the	CXCR21-48-GB1-His	protein	by	bacterial	supernatants	

Supernatants of wild-type and Staphopain A KO strains were incubated with 0.675 µM CX-
CR21-48-GB1-His protein for 15 min at 37oC in PBS. Samples were subjected to SDS-PAGE and 
transferred to a PVDF membrane. The membrane was blocked with 4% skimmed milk in 
PBS containing 0.1% Tween-20 and the CXCR21-48-GB1-His protein was detected by mouse 
anti-his (Novagen), followed by a peroxidase labelled goat anti-mouse (Biorad) diluted in 
PBS containing 0.1% Tween-20 and 1% skimmed milk. ECL (GE Healthcare) was used for 
signal detection.

ERK	detection	
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Isolated neutrophils (1 x 106) were treated with buffer or 0.5 µM Staphopain A in the pres-
ence or absence of 1 µM Staphostatin A for 15 min at 37oC in RPMI/0.05% HSA. Cells were 
washed and subsequently stimulated with 10-7 M CXCL1 for 30 and 60 sec at 37oC. Ice-cold 
PBS containing 0.1% HSA was added to the cells to stop the reaction, and cells were washed 
in ice-cold PBS without HSA. Cells were resolved in Laemmli sample buffer, subjected to 
SDS-PAGE under reducing conditions and transferred to a PVDF membrane. The membrane 
was blocked with 5% skimmed milk in TBS containing 0.1% Tween-20. p-ERK was detected 
using the primary rabbit monoclonal antibody against Phospo-p44/42 ERK (Cell signaling 
technology) followed by a peroxidase labelled goat anti-rabbit (SBI) diluted in TBS contain-
ing 0.1% Tween-20 and 1% skimmed milk powder. To detect total ERK, the membrane was 
stripped with stripping buffer (Thermo scientific) for 15 min at room temperature, blocked 
and probed again with the rabbit polyclonal antibody against anti-ERK1/2 (Millipore) as 
described above. ECL (GE Healthcare) was used for signal detection.

Figure 1. Staphopain A inhibits antibody binding to CXCR2 on neutrophils
(a)	Neutrophils	were	 incubated	with	0.5	µM	Staphopain	or	buffer	 for	15	min	at	37oC.	After	washing,	cells	were	
stained	with	a	panel	of	blocking	antibodies	against	surface-expressed	receptors.	The	inhibition	was	calculated	by	
dividing	the	fluorescence	of	buffer	treated	cells	by	Staphopain	A	treated	cells	 (displayed	as	 ‘fold	 inhibition’).	 (b)	
Representative	fluorescent	histogram	of	the	CXCR2	expression	on	neutrophils	treated	with	0.5	and	0.05	µM	Sta-
phopain	A	compared	to	background	and	buffer	treated	cells.	(c)	Representative	histogram	of	the	CXCR2	expression	
on	neutrophils	treated	with	0.5	µM	Staphopain	A	with	and	without	1	µM	Staphostatin	A	(inhibitor)	compared	to	
background	and	buffer	treated	cells.	For	b	and	c,	background	was	determined	using	an	isotype	control.	
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Chemotaxis

Chemotaxis of human neutrophils toward several chemoattractants was measured as pre-
viously described(48). A 96-multiwell trans membrane system (ChemoTX; Neuro Probe) 
with a 5-µm pore size polycarbonate membrane was used. Calcein-labelled cells (5 x 106 

cells/ml) were incubated with 0.5 µM Staphopain A or 0.5 µM Staphopain A + 1 µM Sta-
phostatin A for 15 min at 37oC in HBSS containing 1% HSA. Optimal concentrations of 1x10-

9 M (C5a) and 1x10-8 M (CXCL1, CXCL7, CXCL8 and fMLF) were prepared in HBSS/HSA, and 
placed into each well of the lower compartment of the chamber (in triplicate). Wells with 
control medium and cells were included to measure the spontaneous cell migration and 
total fluorescence respectively. The membrane holder was assembled, and labelled cells 
were added as a droplet to each upper well (except for the total fluorescence wells). The 
plate was incubated for 30 min at 37°C in a humidified 5% CO2 atmosphere. The membrane 
was washed extensively with PBS and fluorescence of the wells was measured in a FlexSta-
tion fluorescent plate reader (Molecular Devices) with excitation at 485 nm and emission at 
530 nm. The percentage of chemotaxis was calculated relative to the fluorescence value of 
cells added directly to the lower well.

Results

Staphopain	A	inhibits	antibody	binding	to	CXCR2	on	neutrophils
To test whether Staphopain A interacts with neutrophils, we used a multi-screening assay 
for surface-expressed receptors on human neutrophils. A select panel of 44 blocking mAbs 
was used to measure the expression of a variety of receptors involved in chemotaxis, acti-
vation, signalling, adhesion and phagocytosis. Neutrophils were pre-incubated with Sta-
phopain A for 15 min at 37oC, followed by a washing step to remove Staphopain A and 
subsequently screened for antibody binding. Staphopain A selectively blocked the binding 
of an antibody directed against the N-terminus of CD182 (CXCR2) (Figure 1a), while other 
receptor-antibody interactions were not affected. Furthermore, Staphopain A caused a 
dose-dependent decrease of antibody binding to CXCR2 on neutrophils (Figure 1b). To test 
whether the CXCR2 antibody inhibition by Staphopain A was caused by proteolysis, we used 
the natural inhibitor of Staphopain A, Staphostatin A, which specifically inhibits proteolytic 
activity of Staphopain A(19). Staphostatin A completely abolished the Staphopain A medi-
ated inhibition of antibody binding to neutrophils (Figure 1c). Overall, Staphopain A specifi-
cally cleaves the CXCR2 on human neutrophils, removing the antibody binding epitope that 
resides in the N-terminus.

Staphopain	A	inhibits	neutrophil	activation
Activation of GPCRs results in a rapid and transient release of intracellular calcium stores 
which can be measured by monitoring the calcium mobilization of neutrophils: the CXCR1 
can be stimulated with CXCL6 and CXCL8; the CXCR2 with CXCL1, CXCL2, CXCL3, CXCL5, 
CXCL6, CXCL7 and CXCL8; the formyl peptide receptor with fMLF; and the C5a receptor with 
C5a. To investigate whether Staphopain A inhibits the CXCR2-mediated neutrophil activa-
tion by different stimuli, we incubated Fluo-3-labelled neutrophils with buffer, Staphopain 
A, or Staphopain A with its inhibitor Staphostatin A, for 15 min at 37oC. Cells were washed 
to remove the proteins and tested for activation by measuring the calcium mobilization 
(figure 2). Staphopain A efficiently blocked calcium mobilization upon stimulation with 
CXCL1 and CXCL7, two potent chemoattractants that specifically activate the CXCR2 (figure 
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Figure 2. Staphopain A inhibits CXCR2-mediated calcium mobilization of neutrophils 
Fluo-3	 labelled	neutrophils	were	preincubated	with	buffer	or	0.5	µM	Staphopain	A	with	and	without	1	µM	Sta-
phostatin	A,	for	15	min	at	37oC.	After	washing,	cells	were	stimulated	with	different	concentrations	of	CXCL1	(a),	
CXCL7	(b),	CXCL8	(c),	fMLF	(d),	C5a	(e)	or	a	fixed	concentration	(3	x	10-9	M)	of	CXCL2,	CXCL3,	CXCL5	and	CXCL6	(f).	
To	determine	the	IC50	(50%	of	inhibition),	Fluo-3	labelled	neutrophils	were	pre-incubated	with	different	concentra-
tions	of	Staphopain	A	for	15	min	at	37oC	and	subsequently	stimulated	with	3	x	10-9	M	CXCL1	(g)	or	1	x	10-8	M	CXCL7	
(h).	The	IC50	for	CXCL1	and	CXCL7	was	calculated	with	the	formulas	y=-4E+10-7x	+	4.1314	and	y=-3E+10-7x	+	4.0248,	
respectively.	All	figures	represent	the	mean	±	SE	of	three	separate	experiments.	The	relative	calcium	mobilization	
was	calculated	by	dividing	the	fluorescence	after	stimulation	by	the	baseline	fluorescence.	For	a-c,	*,	P<0.05	versus	
buffer.	**,	<0.005	versus	buffer.	



72 Chapter 4

CH
A

PT
ER

2a and 2b). The inhibitory effect of Staphopain A could be prevented by Staphostatin A. 
Stimulation of neutrophils with CXCL8, which activates both the CXCR1 and CXCR2, could 
only be inhibited by Staphopain A at low stimulus concentrations (figure 2c), indicating that 
activation of neutrophils at low CXCL8 concentrations is mainly mediated by CXCR2. Cells 
stimulated with fMLF and C5a could not be inhibited (figure 2d and 2e), indicating that Sta-
phopain A specifically blocks CXCR2 activation and is not toxic to cells. Staphopain A also 
inhibited stimulation of neutrophils with the four other CXCR2 chemokines (CXCL2, CXCL3, 
CXCL5 and CXCL6) (Figure 2f). Furthermore, Staphopain A fully blocked CXCL6-mediated 
stimulation, even though CXCL6 (like CXCL8) activates both CXCR1 and CXCR2(22). Howev-
er, at higher concentrations of CXCL6, we observed only partial inhibition by Staphopain A 
(supplemental figure 1). Finally, we show that Staphopain A blocks CXCR2 activation in a 
dose-dependent manner (figure 2g en 2h). When neutrophils were stimulated with 3 x 10-9 

M CXCL1 or 1 x 10-8 M CXCL7, the IC50 of Staphopain A was 3.8 x 10-8 M and 4 x 10-8 M re-
spectively. To test whether Staphopain A also blocks non-human CXCR2, murine neutrophils 
were treated with Staphopain A and stimulated with CXCL1. In contrast to human neu-
trophils, Staphopain A did not inhibit the calcium mobilization of murine neutrophils stimu-
lated with CXCL1 (supplemental figure 2). Thus, Staphopain A effectively blocks calcium 
mobilization of human neutrophils by CXCR2 ligands while it only partially inhibits chemok-
ines that activate both CXCR1 and CXCR2.

Figure 3. Staphopain A in-
hibits calcium mobilization 
of U937-CXCR2 cells
Fluo-3	labelled	U937-CXCR2	
cells	 were	 preincubated	
with	buffer,	or	0.5	µM	Sta-
phopain	A	with	and	without	
1	µM	Staphostatin	A	for	15	
min	at	37oC.	After	washing,	
cells	 were	 stimulated	 with	
different	 concentrations	 of	
CXCL1	 (a),	 CXCL7	 (b)	 and	
CXCL8	(c).	All	figures	repre-
sent	the	mean	±	SE	of	three	
separate	 experiments.	 The	
relative	 calcium	 mobili-
zation	 was	 calculated	 by	
dividing	 the	 fluorescence	
after	 stimulation	 by	 the	
baseline	fluorescence.	
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Figure 4. Staphopain A cleaves the N-terminus of CXCR2
(a)	 U937-CXCR2	 cells	were	 incubated	with	 buffer,	 0.5	 µM	 Staphopain	 A,	 0.5	 µM	 Staphopain	 A	 plus	 1	 µM	 Sta-
phostatin	A	for	15	min	at	37oC.	Cells	were	lysed	and	were	analyzed	by	Western	blotting.	The	CXCR2	was	detected	
using	a	mAb	against	the	N-terminus	of	CXCR2.	(b)	Staphopain	A	cleaves	the	CXCR21-48-GB1-His	protein.	Different	
concentrations	of	Staphopain	A	were	incubated	with	6.75	µM	CXCR21-48-GB1-His	protein	for	15	min	at	37oC.	Samples	
were	analyzed	by	SDS-PAGE	and	Instant	blue	staining.	(c)	Staphopain	A	cleaves	in	the	N-terminal	part	of	CXCR2.	N-
terminal	sequencing	of	the	CXCR2	cleavage	product	generated	by	incubation	of	6.75	µM	CXCR21-48-GB1-His	protein	
with	150	nM	Staphopain	A	for	15	min	at	37oC.	Figure	a	and	b	are	representative	blots	of	3	separate	experiments.		
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Figure 5. Staphopain A is a unique protease in bacterial supernatant to affect CXCR2 
(a,b)	Cleavage	of	the	CXCR21-48-GB1-His	protein	by	supernatants	of	S.	aureus	strain	USA300	(Wt)	and	its	isogenic	
mutant	(ΔScpA).	The	CXCR21-48-GB1-His	protein	was	detected	by	anti-His	using	Western	blotting.	(a)	675	nM	CXCR21-

48-GB1-His	protein	was	incubated	with	different	dilutions	of	concentrated	Wt	supernatant	for	15	min	at	37oC,	(b)	
Incubation	of	675	nM	CXCR21-48-GB1-His	protein	with	undiluted	supernatant	of	Wt	or	ΔScpA	strains	for	15	min	at	
37oC.		Right	lane:	Wt	supernatant	supplemented	with	1	µM	Staphostatin	A.	(c)	Staphopain	A	is	a	unique	protease	for	
inhibition	of	CXCR2-mediated	neutrophil	activation.	Fluo-3	labelled	neutrophils	were	preincubated	with	buffer,	0.5	
µM	Staphopain	A,	0.5	µM	V8	protease	or	0.5	µM	Aureolysin	for	15	min	at	37oC.	Cells	were	stimulated	with	3	x	10-9 
M	CXCL1	and	1	x	10-8	M	CXCL7.	The	relative	calcium	mobilization	was	calculated	by	dividing	the	fluorescence	after	
stimulation	by	the	baseline	fluorescence.	Figure	a	and	b	are	representative	blots	of	3	separate	experiments.	Figure	
c	represents	the	mean	±	SE	of	three	separate	experiments.
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Staphopain	A	inhibits	U937-CXCR2	transfected	cells
Because neutrophils normally express a variety of chemokine receptors, we employed a 
heterologous system to express CXCR2 in a U937 promonocytic cell line. In an undifferenti-
ated state, these cells do not express chemoattractant receptors allowing a more focused 
analysis of CXCR2(23). U937 cells stably transfected with CXCR2 (U937-CXCR2(23)) were la-
belled and used in the calcium mobilization assay as described above for neutrophils. Acti-
vation of U937-CXCR2 cells with CXCR2 ligands caused a transient calcium mobilization (fig-
ure 3). Pretreatment of cells with Staphopain A fully blocked the activation of U937-CXCR2 
upon stimulation with CXCL1 and CXCL7 (figure 3). Also, Staphopain A potently blocked 
CXCL8 mediated activation (figure 3c) in contrast to previous results using isolated neu-
trophils. This strongly suggests that Staphopain A is specific to CXCR2, as U937-CXCR2 cells 
do not express CXCR1. 

Staphopain	A	cleaves	the	N-terminus	of	CXCR2
Activation of CXCR2 on neutrophils is initiated by binding of the chemokine to the N-termi-
nal extracellular region (CXCL1 and CXCL8) and to the first extracellular loop (CXCL7 and 
CXCL8)(24). The critical role of the N-terminus in neutrophil activation was demonstrated in 
studies using antibodies that specifically target the N-terminal domain of CXCR2(25). Since 
treatment of neutrophils with proteolytically active Staphopain A prevented binding of the 
anti-CXCR2 mAb that recognizes the N-terminus, we hypothesized that Staphopain A cleav-
age removes the N-terminal domain of CXCR2. To test this, we detected cell-bound CXCR2 
by Western blotting (Figure 4a) using an antibody against the N-terminus. When U937-CX-
CR2 cells were treated with Staphopain A, we could not detect CXCR2 N-terminus, while it 
was present on cells treated with buffer or with Staphopain A plus its inhibitor. This shows 
that Staphopain A cleaves the N-terminal domain of CXCR2, thereby preventing antibody 
binding. 

To further study the cleavage of CXCR2 by Staphopain A, we recombinantly produced the 
extracellular region (amino acids 1-48) of CXCR2 (CXCR21-48) in E.	coli. The CXCR2 peptide 
was linked to the N-terminus of fusion partner GB1 for improved expression(26) and pro-
vided with a C-terminal histidine (His) tag to allow purification. The 13 kDa CXCR21-48-GB1-
His protein was incubated with different concentrations of Staphopain A for 15 min at 37oC 
and analyzed by SDS-PAGE. We observed that Staphopain A efficiently cleaved CXCR21-48-
GB1-His protein (figure 4b) into a smaller fragment of around 9 kDa. N-terminal sequencing 
revealed that the cleavage product starts with the amino acid sequence NH2-AAP*EPES, 
indicating that Staphopain A cleaves CXCR2 peptide between Aspartate (D35) and Alanine 
(A36). Thus, Staphopain A proteolytically degrades the N-terminus of CXCR2 from cells.

Staphopain	A	is	a	unique	protease	in	bacterial	supernatant	to	affect	CXCR2	
To study the production of Staphopain A in bacterial cultures, we collected bacterial super-
natants from S.	 aureus strain USA300, a predominant isolate of community-acquired 
MRSA(27). Incubation of different concentrations of supernatant with CXCR2 fusion protein 
showed a concentration-dependent cleavage of CXCR21-48-GB1-His (figure 5a). To test 
whether Staphopain A is the only protease secreted by S.	aureus that can cleave CXCR21-48-
GB1-His protein, we used allelic exchange mutagenesis to generate a Staphopain A mutant 
in the USA300 strain (ΔScpA). We observed no cleavage of CXCR2 fusion protein with the 
supernatant of the isogenic Staphopain A mutant (figure 5b). CXCR2 cleavage by wild-type 
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supernatant could by blocked by adding exogenous Staphostatin A confirming the essential 
role for Staphopain A. Furthermore, two other abundantly expressed proteases of S.	au-
reus, Aureolysin and V8 protease, were tested for inhibition of the neutrophil activation by 
CXCL1 and CXCL7 (figure 5c). However, neither of these two proteases could inhibit the ac-
tivation of neutrophils. Also, the homologous Staphopain B was included in the assay, but 

Figure 6. Staphopain A inhibits ERK phosphorylation and migration of neutrophils
(a)	Staphopain	A	inhibits	phosphorylation	of	ERK	after	CXCL1	stimulation.	Neutrophils	treated	with	buffer,	0.5	µM	
Staphopain	A	with	or	without	1	µM	Staphostatin	A	were	stimulated	with	1	x	10-7	M	CXCL1	at	37oC.	Samples	were	
taken	after	30	and	60	sec,	subjected	to	SDS-PAGE,	and	p-ERK	and	total	ERK	were	detected	using	Western	blotting	
(b)	Staphopain	A	inhibits	neutrophil	migration	towards	CXCL1	and	CXCL7.	Calcein	labelled	neutrophils	treated	with	
buffer,	0.5	µM	Staphopain	A	or	0.5	µM	Staphopain	A	plus	1	µM	Staphostatin	A,	were	added	to	each	upper	well	of	
the	ChemoTX	transmembrane	system.	The	lower	compartment	was	filled	with	1	x	10-8	M	CXCL1,	CXCL7,	CXCL8,	fMLF	
or	1	x	10-9	M	C5a,	and	the	transmembrane	system	was	placed	at	37oC	for	30	min.	The	fluorescence	of	the	lower	
compartment	was	measured	and	the	percentage	of	chemotaxis	was	calculated	relative	to	the	fluorescence	value	of	
cells	added	directly	to	the	lower	well.	Blot	is	a	representative	of	three	separate	experiments.	The	figure	represents	
the	mean	±	SE	of	three	separate	experiments.	For	b,	**,	P<0.01	versus	buffer;	***,	<0.001	versus	buffer.					
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the data were inconclusive since Staphopain B causes neutrophils to undergo apoptosis(12). 
Thus, the native levels of Staphopain A produced by S.	aureus are sufficient to cleave CXCR2, 
and Staphopain A is the only secreted protease that specifically cleaves CXCR2.

Staphopain	A	blocks	neutrophil	activation	and	migration
Once neutrophils are activated, they sense the chemoattractant gradient with their chem-
okine receptors and move towards the site of inflammation. Since Staphopain A blocks the 
calcium mobilization via CXCR2 receptor, we postulated that CXCR2-mediated intracellular 
signaling and subsequent neutrophil migration are affected as well. First, we tested for in-
tracellular activation of the Extracellular signal-Regulated Kinases (ERK) pathway, by de-
tecting total ERK (ERK1/2) and phosphorylated ERK (p-ERK1/2) of neutrophils stimulated 
with CXCL1. In our hands, the optimal time for detecting ERK phosphorylation by CXCL1 was 
around 30 to 60 s. Pre-treatment of neutrophils with Staphopain A blocked ERK phosphor-
ylation while, leaving total ERK equal (figure 6a). Staphostatin A inhibited the effect of Sta-
phopain A. Thus, Staphopain A inhibits CXCR2-mediated intracellular activation cascade. 

Next, we tested the effect of Staphopain A on neutrophil migration using a 96-multiwell 
transmembrane system and optimal chemotactic concentrations of several chemoattract-
ants. After 30 min, we observed that Staphopain A fully inhibited neutrophil migration to-
ward CXCL1 and somewhat less to CXCL7. Inhibition could be restored by addition of Sta-
phostatin A. No inhibition was observed for neutrophil migration toward CXCL8, fMLF and 
C5a, showing that Staphopain A specifically inhibits CXCR2-mediated neutrophil migration. 

Discussion

Neutrophils play an important role in the innate immune system since they are crucial for 
the clearance of bacteria during an infection. At the site of inflammation, local activation of 
the complement system and production of chemokines by neighboring cells leads to the 
recruitment of neutrophils. CXCR2 on neutrophils, which recognizes chemoattractants, 
mediates activation and chemotaxis of neutrophils. S.	aureus is a major human pathogen 
that is well known for its immune evasive characteristics. Already at the early stage of infec-
tion, during complement activation, it uses specific complement inhibitory proteins to 
dampen the inflammatory response(28,29). Furthermore, S.	aureus secretes many proteins 
to inhibit neutrophil recruitment. Chemotaxis inhibitory protein of Staphylococci (CHIPS) 
blocks binding of the released complement product, anaphylatoxin C5a, which is recog-
nized by the N-terminal region of the G protein coupled C5a-receptor on neutrophils(30). 
Furthermore, CHIPS also binds and thereby blocks the activation of the chemotactic formyl 
peptide receptor 1 (FPR1). Two homologs of CHIPS, the formyl peptide receptor-like 1 in-
hibitory proteins, FLIPr and FLIPr-like, block activation of the chemotactic formyl peptide 
receptors FPR1 and FPR2, respectively(31,32). The Staphylococcal superantigen-like 5 
(SSL5) protein binds P-selectin glycoprotein ligand-1, thereby inhibiting neutrophil rolling 
on the endothelium(33), the first step in neutrophil extravasation. Also, SSL5 inhibits neu-
trophil activation by all chemokines and anaphylatoxins(34). In the same family of SSLs, 
SSL10 was identified to show antagonistic effect towards the CXCR4, thereby inhibiting 
CXCR4 mediated calcium mobilization and cell migration(35). Here we identify the S.	aureus	
protease Staphopain A as the first specific bacterial CXCR2 inhibitor. Staphopain A blocks 
CXCR2-mediated neutrophil activation and chemotaxis. This cysteine protease cleaves the 
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N-terminal extracellular region of CXCR2, necessary for proper chemokine binding and sub-
sequent neutrophil activation and migration towards the site of infection. Like many other 
S.	 aureus immune evasion molecules that are human-specific(30,36), Staphopain A was 
shown to have no effect on murine CXCR2. Even though mouse and human CXCR2 share 
71% sequence homology(37), the N-termini are only 47% identical. We found that the Sta-
phopain A cleavage site in human CXCR2 is LLD↓A; the murine CXCR2 contains at the sec-
ond position a Proline instead of a Leucine (LPDA), presumably explaining the insusceptibil-
ity for Staphopain A degradation. This makes it difficult to study the importance of 
Staphopain A in conventional mouse models. Nevertheless, many infection studies using 
either CXCR2 knockout mice or mice treated with antibodies blocking CXCR2 or its ligands 
demonstrated the crucial role of CXCR2 in the host defense against bacteria. Mice lacking 
CXCR2 functionality showed impaired neutrophil influx towards the site of infection, in-
creased bacterial burden and in some cases even increased mortality compared to wild 
type or untreated mice(7,38,39). These studies show that CXCR2 is critical in the defense 
against bacterial infections and that specific modulation of CXCR2 by Staphopain A is an 
important immune-modulatory strategy. CXCR1 and CXCR2 are homologous receptors that 
share several ligands. Also, they share similar functions(40) suggesting that these receptors 
are redundant. However, the complexity of inflamed tissue, in which multiple activators 
play a role makes it hard to point out biological consequences that can be ascribed entirely 
to one receptor(41). The fact that CXCR2 can be activated by multiple exclusive ligands sug-
gests that functional differences can be perceived. Many studies have shown that CXCR2 is 
not only important in antimicrobial host defenses but also plays a role in a variety of dis-
eases associated with neutrophil induced host injury(41). Absence of CXCR2 mediated acti-
vation, which impedes neutrophils, allows protection of a number of pathologies due to the 
adverse effect of inflammation such as arthritis, colitis, pulmonary diseases and sep-
sis(42-44). Since Staphopain A specifically cleaves CXCR2, but not CXCR1, it could be used as 
a tool in functional studies analyzing the relative roles of these two receptors.

Many proteases secreted by S.	aureus are involved in immune evasion and can specifically 
modulate different parts of the immune system(45). Aureolysin cleaves C3, the main com-
ponent of the complement system, and the antimicrobial peptide, LL-37(14,16). V8 prote-
ase cleaves all immunoglobulin classes(15). Exfoliative toxin A cleaves desmoglein-1, a cad-
herin necessary for cell-cell adhesion(18). Staphopain B cleaves the cell surface receptors, 
CD11b and CD31, which induced cell death of neutrophils and monocytes(12,13). Also Sta-
phopain A and B have been shown to cause vascular leakage by cleaving high molecular 
weight kininogen into bradykinin and by cleavage of extracellular matrix proteins(17,20,21). 
The proteolytic activity of Staphopain A towards CXCR2 is unique among S.	aureus prote-
ases. The Staphopain A mutant supernatant showed no cleavage of the CXCR2 N-terminus, 
which was confirmed using the wild type supernatant supplemented with the specific in-
hibitor. Cleavage of CXCR2 occurred at nanomolar concentrations, which is similar for other 
known substrates such as kininogen, fibrinogen and elastin(17,20,21). 

In conclusion, Staphopain A is the first immune evasion factor of S.	aureus that cleaves the 
neutrophil CXCR2 receptor. Testing 44 different receptors on neutrophils, Staphopain A 
only affected CXCR2. Therefore, secretion of Staphopain A at the site of infection is likely to 
inhibit neutrophil activation and recruitment, which are important innate immune defense 
mechanisms against S.	aureus. 
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Supplemental figures

Supplemental figure 1. Staphopain A blocks CXCL6 dependent calcium mobilization of neutrophils. 
Fluo-3	labelled	neutrophils	were	pre-incubated	with	buffer	or	0.5	µM	Staphopain	A	for	15	min	at	37oC.	After	wash-
ing,	cells	were	stimulated	with	different	concentrations	of	CXCL6.	The	 figure	represents	 the	mean	±	SE	of	 three	
separate	experiments.	The	relative	calcium	mobilization	was	calculated	by	dividing	the	fluorescence	after	stimula-
tion	by	the	baseline	fluorescence.	

Supplemental figure 2. Calcium mobilization of murine neutrophils is not blocked by Staphopain A.
Murine	neutrophils	were	isolated	from	8-20	weeks	female	CD1	mice	(Charles	River).	96	hour	before	the	mice	were	
sacrificed,	 they	were	subcutaneously	 injected	with	20	µg	rh-PEG-GCSF	 (Neulasta)	 in	100	µl	PBS.	The	 femur	was	
removed,	and	the	femoral	bone	marrow	was	harvested	by	flushing	with	PBS	supplemented	with	25	mM	Hepes,	3	
mM	EDTA	and	0,1%	HSA.	The	erythrocytes	were	removed	using	hypotonic	shock	and	the	leukocyte	population	was	
resuspended	 in	RPMI/0,05%	HSA.	Fluo-3	 labelled	murine	neutrophils	were	pre-incubated	with	buffer	or	0.5	µM	
Staphopain	A	for	15	min	at	37oC.	After	washing,	cells	were	stimulated	with	1	x	10-8	KC	(CXCL1).	The	figure	represents	
the	mean	±	SE	of	three	separate	experiments.	The	relative	calcium	mobilization	was	calculated	by	dividing	the	fluo-
rescence	after	stimulation	by	the	baseline	fluorescence.
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ABSTRACT

Bacteria secrete a large number of proteases into their extracellular milieu. However, the 
multiple post-translational modifications and the necessity of intracellular inhibitors, make 
it often impossible to produce bacterial proteases as recombinant proteins in common ex-
pression systems such as Escherichia	coli. Here, we have developed a system for recombi-
nant expression of Staphylococcus aureus proteases in its natural host. As proof of principle 
we first expressed the Staphylococcal Complement Inhibitor (SCIN) on the extra-chromo-
somal plasmid pSK236 under control of its own scn promoter or a constitutively active 
phage repressor (rep) promoter. Recombinant SCIN was successfully secreted into the S.	
aureus supernatant and purification using its 6xHistidine tag yielded 0.5 mg active protein 
per 100 ml bacterial culture. With this system we also expressed two S.	aureus serine pro-
tease-like (Spl) proteins SplA and SplB under control of the scn promoter in S.	aureus. To 
allow both intra- and extracellular post-translational processing of the N-terminus, we ex-
pressed the full-length protease including its own signal peptide. To allow purification, a 
C-terminal His tag was provided. We purified 0.5 mg SplA and 2 mg SplB from 100 ml super-
natant. Both recombinant Spl proteases were processed correctly and were proteolytically 
active. This opens the way for purifying large quantities of secreted bacterial proteases, 
which can be used for functional, biochemical and structural studies. 
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Introduction

Bacteria secrete a large number of proteases into their extracellular milieu. They are often 
involved in nutrient acquisition and, in case of pathogenic bacteria, proteases have impor-
tant functions in virulence such as promotion of adhesion or modulation of host defens-
es(1). Since most bacterial proteases work against a broad range of substrates, their pro-
duction is tightly regulated at both transcriptional and post-translational levels to protect 
bacterial cells from proteolytic activity. Proteases are often expressed as inactive pro-en-
zymes inside the cell and become activated following secretion in the extracellular mi-
lieu(2,3). To provide an extra level of protection to bacterial cells, pro-enzymes are also 
blocked by intracellular protease inhibitors, which are often small, non-proteinaceous com-
pounds (including peptide aldehydes, E-64 and pepstatin derivatives)(4). The multiple post-
translational modifications and the necessity of intracellular inhibitors, make it often im-
possible to produce bacterial proteases as recombinant proteins in common expression 
systems such as Escherichia	 coli (E.	 coli) hampering detailed functional and biochemical 
studies.

Staphylococcus aureus (S.	aureus) is a gram-positive pathogen that causes a wide variety of 
diseases in humans, ranging from local soft-tissue infections to life-threatening septicemia. 
S.	aureus	produces a number of secreted proteases: the metalloprotease aureolysin, the V8 
protease (SspA), exfoliative toxins A (ETA) and B (ETB), the cysteine proteases staphopain A 
(ScpA) and B (SspB) and the family of 6 serine protease-like proteins (SplA-F) [refs hiervoor]. 
The S.	aureus	proteases have various functions in bacterial virulence. Aureolysin degrades 
LL-37(5), complement C3(6) and activates the coagulation pathway(7). V8 protease de-
grades all Ig classes(8). The exfoliative toxins (ET) are major virulence factors of S.	aureus 
that cause bullous impetigo and staphylococcal scalded skin syndrome (SSSS)(9). ET cleaves 
the intracellular adhesion molecules, desmoglein 1, of epidermal keratinocytes; and causes 
blisters due to intra-epidermal cell-cell dissociation(10). Staphopains were recently shown 
to be involved in host defense evasion; staphopain A (ScpA) cleaves fibrinogen(11) and the 
chemokine receptor 2 (CXCR2) on human neutrophils (Laarman et al. Chapter 4 of this the-
sis), staphopain B induces apoptosis in human neutrophils by degrading CD11b and 
CD31(12,13). The functions of the Spl proteases group is currently unknown. Aureolysin 
initiates the protease activation cascade by cleaving V8 protease, which in turn activates 
prostaphopain B(14). Staphopains have specific protease inhibitors that protect S.	aureus	
inside the cell(3). Functional studies with staphylococcal proteases have been performed 
with proteases purified from S.	aureus supernatants. This is a labor-intensive process since 
proteases are present in trace amounts. Additionally, isolation of the naturally secreted 
proteases is limited due to poor reproducibility and low yield. Expression of the Spl prote-
ases in E.	coli is possible, but only as inactive variants due to incorrect processing(15). As a 
consequence, detailed structural and functional studies on Staphylococcal proteases have 
been hampered.
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Here we develop a system for recombinant expression of S.	aureus proteins in its natural 
host. This allows over-production of proteases into the bacterial supernatant with the ad-
vantage that all natural Staphylococcal post-translational mechanisms and inhibitors are 
present. This system is especially interesting for recombinant production of S.	aureus pro-
teases, especially proteases with an unknown processed N-terminus. This opens the way 
for purifying large quantities of secreted bacterial proteases, which can be used for func-
tional, biochemical and structural studies.

Materials and methods

Construction	of	S.	aureus	expression	vectors

SCIN	expression	vectors.We cloned the SCIN (scn) gene into the pSK236 vector, a high-copy 
shuttle plasmid that replicates both in E.	coli and S.	aureus. Upstream of the sequence cod-
ing for the secreted SCIN protein, we cloned the sequences of an N-terminal cleavable His-
tag (6xHisEK, to allow purification), the scn signal peptide, the scn Ribosome Binding Site 
and a promoter. We made two different constructs containing either the scn promoter 
(pSKscn pr_SCIN) or a constitutively active phage repressor promoter (pSKrep pr_SCIN)(16) 
(See Figure 1 for a schematic overview). To clone the phage repressor promoter, we cloned 
the upstream part of a phage repressor by performing a PCR on S.	aureus CAPD399 DNA(16). 
PCR products were annealed using primer extension PCR and provided with restriction 
sites to allow ligation into pSK236.  To prepare Spl constructs, we ordered complete DNA 
sequences from mr. gene (Invitrogen) and, after restriction digestions, cloned into pSK236. 
Vectors were transformed into E.	coli Top 10 cells and correct tranformants were analyzed 
by colony PCR and DNA sequencing. Plasmids were subsequently electroporated into the 
restriction-deficient S.	aureus strain RN4220. Plasmids isolated from RN4220 were subse-
quently electroporated into S.	aureus strain Newman.

Detection	of	SCIN	in	bacterial	supernatants	

S.	aureus strains RN4220 and Newman containing pSKempty, pSKscn pr_SCIN or pSKrep 
pr_SCIN were grown in 3 ml Todd-Hewitt broth (THB) (Oxoid) or Iscove’s Modified Dulbec-
co’s Medium (IMDM)(Invitrogen) without phenol red with 10 μg/ml chloramphenicol and 
growth was monitored by measuring the OD600 every hour. Supernatants of exponential 
(OD600=0.4), post-exponential (OD600=0.7), stationary (OD600=1.1) or overnight (OD600=1.2) 
cultures were collected after centrifugation and stored at -20°C. For SDS-PAGE analyses, 
undiluted supernatants were separated on 15% SDS-PAGE gels and stained with Instant 
Blue (Gentaur). For immunoblotting, undiluted supernatants were subjected to SDS-PAGE 
and transferred to PVDF membranes (Immobilon-P, Millipore). Blots were blocked with 4% 
skimmed milk in Phosphate Buffered Saline (PBS) containing 0.05% Tween (PBS-Tween). For 
the detection of His-tagged proteins, blots were incubated with rabbit-anti-His antibodies 
(Abcam) and peroxidase-labeled goat-anti-rabbit antibodies (Southern) in PBS-Tween con-
taining 1% skimmed milk. SCIN was detected using rabbit-anti-SCIN antibodies as de-
scribed(17) and peroxidase-labeled goat-anti-rabbit antibodies. Blots were developed us-
ing Enhanced Chemiluminescence (ECL, GE Healthcare). Recombinant His-SCIN, used as a 
control, was prepared as described previously(17). A semi-quantitative ELISA was used to 
quantify the SCIN levels in bacterial supernatants. Microtiter plates (Maxisorp, Nunc) were 
coated with 10- or 100-fold diluted supernatants in PBS. Also, recombinant His-SCIN was 
coated at concentrations varying from 0-10 ug/ml. Plates were first blocked with 4% Bovine 
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Serum Albumin (BSA) in PBS-Tween and subsequently incubated with 0.1 mg/ml purified 
goat IgG (Jackson) in 1% BSA-PBS-Tween to block Staphylococcal Protein A. The His-tag was 
detected by incubation with mouse anti-His antibodies (Invitrogen) and peroxidase goat 
anti-mouse antibodies (Southern). The ELISA was developed using a TMB substrate. A linear 
regression analysis on the His-SCIN calibration curve yielded the formula y=0.7267x+0.0413 
(R2=0.99068) that was used to calculate SCIN concentration levels in bacterial superna-
tants. 

Purification	of	recombinant	SCIN	from	S.	aureus	supernatant

Bacterial strain Newman with pSKscnpr_SCIN was pre-cultured in 20 ml THB with 10 μg/ml 
chloramphenicol for 6 hours at 37oC. This 20 ml culture was subsequently used to start 1 
liter of IMDM (without phenol red) with 10 μg/ml chloramphenicol and grown overnight at 
37oC.  Bacterial supernatants were collected by centrifugation and subsequently passed 
through a 0.45 μm filter. The pH of the supernatant (around 5) was adjusted to 7.4 using 2.5 
M NaOH. We loaded 800 ml supernatant on a 1 ml HisTrap FF column (GE Healthcare) equil-
ibrated with phosphate-buffered saline (PBS). The column was washed with 20 ml PBS and 
His-tagged proteins were eluted using 50 mM EDTA in PBS. Eluted fractions were analyzed 

Figure 1. Schematic overview of the S. aureus expression system
Schematic	picture	of	the	pSKscn	pr	and	pSKrep	pr	vector	used	for	recombinant	expression	of	Staphylococcal	Com-
plement	Inhibitor	(SCIN)	in	S.	aureus.	Upstream	of	the	sequence	coding	for	the	secreted	SCIN	protein,	we	cloned	the	
sequences	of	an	N-terminal	cleavable	His-tag	(6xHisEK,	to	allow	purification),	the	scn	signal	peptide,	the	scn	Ribo-
some	Binding	Site	and	a	promoter.	The	pSKscn	pr	plasmids	contains	the	scn	promoter;	pSKrep	pr	a	constitutively	
active	phage	repressor	promoter(16)	
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by SDS-PAGE and positive fractions were subsequently dialyzed against PBS. To remove the 
N-terminal His-tag, His-SCIN was incubated with Enterokinase (Invitrogen) for 2 hours at 
room temperature and passed over a HisTrap column to remove the free His-tag and un-
cleaved protein. The concentration of purified SCIN was determined by measuring the opti-
cal density at 280 nm correcting for the extinction coefficient of SCIN. 

Alternative	pathway	complement	assay

Alternative pathway hemolytic assay was performed in Veronal buffered Saline (VBS) con-
taining 5 mM MgCl2 and 10 mM EGTA. Rabbit erythrocytes (2x107, Biotrading, Wilnis, The 
Netherlands) were incubated with human serum (10%) and SCIN for 1 hour at 37 ºC. Cells 
were spun down and A405 measurements of supernatants were taken.

Purification of Spl proteases from S. aureus supernatant

Bacterial strain Newman with pSKscnpr-SplA and pSKscnpr-SplB plasmid were cultured 
overnight at 37oC in  10 ml Todd-Hewitt broth (THB) supplemented with 10 μg/ml chloram-
phenicol and subsequently diluted to an OD660 of 0.05 in  100 ml fresh IMDM without chlor-
amphenicol. Bacteria were cultured overnight and supernatants were collected by centrifu-
gation and subsequently passed through a 0.45 μm filter. His-tagged protein from the 

Figure 2. Secretion of recombinant SCIN into S. aureus supernatant. 
Detection	of	SCIN	in	S.	aureus	supernatants	grown	in	THB	at	different	growth	phases.	(A	and	B)	SDS-PAGE	and	Coo-
massie	staining	of	undiluted	supernatants	of	S.	aureus	strains	RN4220	and	Newman	containing	pSKempty,	pSKscnpr	
or	pSKreppr.	Recombinant	His-SCIN	at	200	ug/ml.	C,	Immunoblot	analyses	of	supernatants	of	overnight	S.	aureus	
cultures.	Left,	detection	with	anti-His	antibodies.	Right,	detection	with	anti-SCIN	antibodies.
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collected supernatants were purified on a nickel loaded 1 ml Histrap FF column (GE Health-
care) and eluted with 50 mM EDTA in PBS. The eluted proteins were dialyzed in PBS and 
further purified using the 26/60 Hiload Superdex 75 column (GE Healthcare). The concen-
tration of purified protein was estimated by SDS page gel and Bradford (Pierce) using BSA 
as standard.

N-terminal	sequencing

Purified SplA (5 µg) and SplB (20 µg) were subjected to SDS-PAGE and transferred to a PVDF 
membrane. The proteins were visualized with 0.1% Coomassie blue in 40% methanol, ex-
cised and analyzed by N-terminal sequencing (Alphalyse, Denmark).

Activity	of	SplA	and	SplB

Different concentrations of SplA and SplB were incubated with 200 µg/ml of purified 
β-casein (Sigma) for 3 h at 37oC in PBS. The reaction was stopped by adding Laemli sample 
buffer containing DTT. Samples were subjected to SDS-PAGE and stained with Coomassie 
(Instant blue; Gentaur). 

SplB activity was checked using the substrate WELQ-AMC as previously described (Dubin 
2008). Different concentrations of BSA, SplA and SplB were incubated with 0,1 µM WELQ-
AMC for 10 min at 37oC in 50 mM Tris-HCl pH 8. Fluorescence (excitation 355 nm, emission 
460 nm) was detected using the FLEX station (Molecular Devices).

Results

Generation	of	constructs	for	autologous	expression	of	recombinant	SCIN	in	S.	au-
reus.
In order to develop a S.	aureus expression system for proteases, we first studied whether 
over-expression of a secreted staphylococcal protein on an extra-chromosomal plasmid 

Figure 3. Production levels of recombinant SCIN in S. aureus supernatant.  
Comparison	of	SCIN	production	levels	during	growth	in	THB	or	IMDM. A,	SDS-PAGE	and	Coomassie	staining	of	un-
diluted	supernatants	of	overnight	cultures.	S.	aureus	strains	RN4220	and	Newman	containing	pSKempty,	pSKscnpr-
SCIN	or	pSKreppr-SCIN	were	grown	in	THB	or	IMDM	Recombinant	His-SCIN	at	200	ug/ml.	B,	Semi-quantitative	ELISA	
of	overnight	supernatants.	SCIN	was	detected	by	anti-His	ELISA	and	a	calibration	curve	of	recombinant	His-SCIN	was	
used	to	calculate	the	concentrations	of	SCIN	(See	Materials	and	Methods).
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could results in sufficient secretion of the protein into the supernatant to allow purifica-
tion. We performed proof-of-principle for Staphylococcal Complement Inhibitor (SCIN), a 
10 kDa protein identified in our laboratory as a potent inhibitor of the human complement 
system. We cloned the SCIN (scn) gene into the pSK236 vector, a high-copy shuttle plasmid 
that replicates both in E.	coli and S.	aureus (Figure 1). Upstream of the sequence coding for 
the secreted SCIN protein, we cloned the sequences of an N-terminal cleavable His-tag 
(6xHisEK, to allow purification), the scn signal peptide, the scn Ribosome Binding Site and a 
promoter. We made two different constructs containing either the scn promoter (pSKscn 
pr_SCIN) or a constitutively active phage repressor promoter (pSKrep pr_SCIN)(16) (See 
Figure 1 for a schematic overview). Previous studies have indicated that the scn promoter 
is transcribed during exponential and post-exponential growth phases (Rooijakkers, Cellu-
lar Microbiology, 2006). Also, the scn promoter is very actively transcribed in S.	 aureus 
strain Newman because of a defect in the sigma factor B known to negatively regulate ex-
pression of scn. The phage repressor promoter is active during all growth phases. Plasmids 
were constructed in E.	 coli, electroporated to the restriction-deficient S.	 aureus strain 
RN4220, and subsequently introduced into S.	aureus Newman. 

Over-expression	of	SCIN	in	S.	aureus	supernatants.
To evaluate the secretion of recombinant SCIN into bacterial supernatants, we grew S.	au-
reus RN4220 and Newman containing pSKempty, pSKscn pr_SCIN or pSKrep pr_SCIN in THB 

Figure 4. Purification of recombinant SCIN from S. aureus supernatant.
(A-C)	Functional	comparison	of	SCIN	derived	from	E.	coli	or	S.	aureus	in	an	alternative	pathway	complement	assay.	
Hemolysis	of	rabbit	erythrocytes	in	10%	human	serum	in	the	presence	of	recombinant	SCIN.	Data	represent	one	
experiment.
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and directly analyzed supernatants by SDS-PAGE and Coomassie staining. Figure 2A and 2B 
show that the secretion of recombinant SCIN by RN4220 was low, when under control of 
the scn promoter. However, in S.	aureus Newman, we could detect His-SCIN in unconcen-
trated supernatants of strains carrying pSKscn pr_SCIN and pSKrep pr_SCIN but not pSK 
empty. SCIN expression was higher under control of the phage repressor promoter, but 
there was a clear overexpression of SCIN under control of the scn promoter. Empty vector 
control showed the specific induction of SCIN. To show that bands corresponded with re-
combinantly expressed His-SCIN, the supernatants of overnight cultures were analyzed by 
immunoblotting (Figure 2C). In correspondence to the Coomassie stained gel, anti-His anti-
bodies revealed bands at the same height as His-SCIN for RN4220-scn pr and Newman-scn 
pr and Newman-rep pr. Anti-SCIN antibodies revealed a similar pattern and also detected 
naturally expressed SCIN (slightly lower than rHis-SCIN because it lacks the His-tag) in su-
pernatants of S.	aureus Newman.  Altogether we observed that SCIN can be successfully 
over-expressed as a recombinant protein in S.	aureus.

Figure 5. Cloning and purification of Spl proteases 
(A)	Schematic	picture	of	the	cloning	system	for	SplA	and	SplB.	The	full	gene	of	SplA	or	SplB	was	cloned	in	front	of	the	
SCIN	promoter	and	RBS	together	with	a	C-terminal	hexahistidine	and	stop	codon.	(B)	Expression	of	SplA	and	SplB	
in	RN4220	and	Newman	strain.	Transduced	RN4220	and	Newman	with	pSKscnpr-SplA	and	pSKscnpr-SplB	plasmid	
were	grown	overnight	in	IMDM.	Samples	were	analysed	by	SDS-PAGE	and	Coomassie	staining.	(C)	Purification	of	Spl	
proteases.	Newman	pSKscnpr-SplA	and	pSKscnpr-SplB	were	grown	over	night	in	IMDM.	His-tag	protein	was	puri-
fied	using	a	Histrap	column	and	eluted	with	EDTA.	Samples	at	all	steps	were	analysed	by	SDS-PAGE	and	Coomassie	
staining.
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Production	levels	of	recombinant	SCIN	in	S.	aureus	supernatants.
Before purifying recombinant SCIN from S.	 aureus supernatants, we first compared the 
production levels of SCIN in different growth media and quantified the levels by a semi-
quantitative ELISA (Figure 3). S.	aureus RN4220 and Newman with the different constructs 
were grown in THB or a synthetic growth medium (IMDM). SDS-PAGE and ELISA revealed 
that the levels of His-SCIN in S.	aureus Newman (with the scn or rep pr) were around 30-40 
μg/ml. Production levels were slightly lower in IMDM and in THB. For RN4220, we observed 
expression levels of around 30 μg/ml for strains carrying the pSKscn pr_SCIN plasmid. Re-
markably, for the repressor promoter we found differential expression levels of SCIN in the 
two strains: while SCIN was detected in supernatants of strain Newman, we did not find the 
SCIN protein in supernatants of RN4220 carrying pSKrep pr_SCIN. 

Purification	of	recombinant	SCIN	from	S.	aureus	supernatant
We used the His-tag to purify recombinant SCIN from overnight supernatant of S.	aureus 
strain Newman carrying pSKscnpr_SCIN. We loaded 800 ml of IMDM supernatant on a his-
trap FF nickel column and eluted His-tagged SCIN using EDTA (Figure 4A). The His-tag was 
removed using Enterokinase and a second column passage (Figure 4B). We isolated 4 mg 
SCIN from an 800 ml culture. The concentration of purified SCIN was determined by mea-
suring the optical density at 280 nm correcting for the extinction coefficient of SCIN. To 
evaluate whether SCIN purified from S.	aureus is as active as E.	coli derived SCIN, we tested 
both SCIN preparations in an alternative pathway assay where C5b-9 mediated lysis of rab-
bit erythrocytes is analyzed. Concentration of SCIN from S.	aureus and E.	coli were deter-
mined at OD280. Figure 4C shows that the SCIN proteins isolated from S.	aureus and E.	coli 
are equally potent in inhibiting the complement activation.

Expression	and	purification	of	recombinant	Spl	proteases	from	S.	aureus
For the Spl protease family it is not fully clear where the N-terminus of the active protease 
begins. Therefore, it is difficult to produce the active protease using E.	coli expression sys-
tems(18). Therefore we used our S.	 aureus expressing system to recombinantly express 
these proteases in their natural host. SplA and SplB were cloned downstream of the scn 
promoter into the pSK236 vector in S.	aureus. Spl proteases were cloned with their own 
signal peptide and a C-terminal His-tag (figure 5a). The resulting vectors pSKscnpr-SplA and 
pSKscnpr-SplB were transduced into S.	aureus strains RN4220 and Newman. To analyze Spl 
production, supernatants of overnight cultures were analyzed by SDS-PAGE. SplA and SplB 
were expressed equally in both strains, with estimated concentrations of~20 µg/ml and 
~50 µg/ml respectively. The C-terminal His-tag was used to isolate the proteins from the 
supernatant. From the overnight culture we loaded 100 ml of supernatant on a His-trap FF 
nickel column and eluted His-tagged SplA and SplB using EDTA (figure 5b). Using a Bradford 
assay and SDS-PAGE, the concentration and purity of both proteins was checked. In total, 
we isolated from a 100 ml of culture 500 µg SplA and 2 mg of SplB. 

Spl	proteases	are	correctly	processed	and	are	active.
N-terminal sequencing revealed that SplA was processed between Alanine (A38) and Glu-
tamic acid (E39) and SplB between Alanine (A36) and Glutamic acid (E37), which was for 
both in line with literature (figure 6 a and b)(15,18). Furthermore, we determined the activ-
ity to confirm correct processing of the recombinantly expressed proteins. Different con-
centrations of SplA and SplB were incubated with purified β-casein and both showed pro-
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teolytical breakdown of the substrate (figure 5c). Next to β-casein cleavage, SplB activity 
was determined using the substrate specific for SplB. As controls BSA and SplA were used. 
SplB showed a dose dependent cleavage of WELQ-AMC (figure 5d).

Discussion

Here we present a new expression system for recombinant production of S.	aureus pro-
teins. E.	coli is most commonly used as a host for expression of recombinant bacterial pro-
teins. A major drawback of intracellular expression in E.	coli is the formation of insoluble 
recombinant protein aggregates called inclusion bodies. The purification of proteins from 
inclusion bodies requires strong denaturing agents and subsequent protein refolding is of-
ten unsuccessful. For proteins that precipitate, expression in S.	aureus offers a very good 
alternative. Though ideal for proteases, this system also offers a good alternative for re-
combinant expression of other S.	aureus secreted proteins that are insoluble in E.	coli.

Figure 6. Spl proteases are correctly processed and active.
(A	and	B)	N-terminal	sequencing	analysis.	Purified	SplA	(5	µg)	and	SplB	(20	µg)	were	send	for	N-terminal	sequenc-
ing	analysis.	The	results	were	compared	to	Newman	SplA	(A)	and	SplB	(B).	The	signal	sequence	is	depicted	in	grey.	
(C	and	D)	The	Spl	proteases	are	proteolytically	active.	Purified	β-casein	was	incubated	with	Spl	proteases	for	3	h	at	
37oC	and	checked	for	cleavage	by	SDS-PAGE	and	Coomassie	staining	(C).	The	WELQ-AMC	substrate	was	incubated	
for	10	min	with	SplB	and	as	controls	BSA	and	SplA.	The	fluorescence	was	detected	using	the	FLEX	station.
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The well-characterized protein SCIN was used as a model to develop the S.	aureus expres-
sion system. Using the scn promoter and RBS we cloned and expressed SCIN with purifica-
tion tag to analyze the expression. High levels of purified SCIN were recovered from the 
supernatant and showed biological activity. This indicates that expression of recombinant 
S.	aureus proteins regulated by the scn promoter and RBS system allows easy cloning by 
using one vector for different genes and easy purification with high yields. Also depending 
on the variation of the signal sequence, the purification tag can be cloned N- or C-terminal.

Also the S.	aureus expression system allows the use of the full gene with signal sequence, 
which cannot be recognized by E.	coli. To study the crystal structure of SplB and SplC, Popo-
wicz and colleagues used E.	coli to express the full-length protein together with its own 
staphylococcal signal sequence and a hexahistidine C-terminal tag(15). However, the ex-
pressed proteins were inactive since the signal sequence was not recognized in E.	coli. The 
signal peptide directs the transport of the protein through the membrane where it is 
cleaved off by the signal peptidase. Recognition of the correct cleavage site is crucial for 
successful processing and secretion of the protein. Many programs can be used to predict 
the correct cleavage site, however for some proteases the post translational processing is 
different, making N-terminal sequencing of the secreted protein from the natural host nec-
essary. 

Incorrect processing influences the folding of the protein. It has been shown that distor-
tions in the folding of proteases may have direct effect on the proteolytic activity of the 
protease. For example deformation of the oxyanion hole of SplB(19), ETs(20,21) and factor 
XII(22,23) to manifest catalytic activity requires a structural rearrangement, which is initi-
ated by the appropriate substrate. However, for these proteases the substrates are known 
and thus they can be checked for activity. For example for SplC no substrate has been 
found. The crystal structure shows that the overall fold is similar to V8 protease(15). Yet, it 
is suggested that the active site needs rearrangement after binding of the correct substrate 
to the substrate-binding pocket. Expressing S.	aureus proteins in its natural host may ex-
clude artifacts such as incorrect processing and folding. N-terminal sequencing revealed 
that the processing of SplA and SplB was after the AXA and thus according to literature. 
Also both Spls are proteolytic active, showing cleavage of β-casein, meaning that these 
proteases were naturally processed. Another way to exclude artifacts, others have purified 
secreted proteins, such as Aureolysin and V8 protease(24,25) from the supernatant for 
structure analysis. However, the major drawback is the lack of a protein purification tag, 
which makes it a huge challenge to reach the purity needed for crystallization using chro-
matography based on charge and size. Additionally, the expression levels tend to be very 
low. 

Here, we describe a method for his-tagged proteins, showing an enormous over-expres-
sion. This might even enable purification of non-labeled proteins using standard proce-
dures, allowing purification of a natural protein without any tag influencing neither the 
activity nor the structure of the protein.
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Introduction

Proteases are enzymes that degrade proteins (substrates). Basically, they hydrolyze in the 
substrates the peptide bonds between amino acids. This process of degradation depends 
on a binding site for the substrate to dock and cleavage site in the protease, which together 
is called the active site. Specificity of this site is suggested to work by the ‘key and lock’ 
principle (figure 1), meaning that there will only be cleavage if the protease fits into the 
substrate. Bacterial proteases are involved in many processes critical for the bacterial life-
cycle such as colonization, acquisition of nutrients for growth and proliferation, thereby 
cleaving a wide variety of substrates. However, substrate specificity can be distillated when 
using the appropriate conditions, which allowed the identification of more subtle roles in 
the interaction between the host immune system and the invading microorganisms, of 
which some have been elucidated in this thesis. The main groups of bacterial proteases are 
serine-, cysteine-, and metalloproteases, which are classified by their active site, respec-
tively a serine, a cysteine or a metal such as zinc or cobalt. The proteolytic activity of bacte-
rial proteases is regulated on a transcriptional level and post-translational level in such a 
way to optimize substrate specificity. Here, we will discuss these conditions and how sub-
strate specificity of proteases is post-translationally regulated by discussing the different 
chapters of this thesis (figure 2). 

Proteases described in this thesis

Aureolysin	
Aureolysin is a zinc dependent metalloprotease secreted by S.	aureus, and is structurally a 
member of the thermolysins(1). These proteases need a zinc ion for their activity and cal-
cium ions for protease stability. Aureolysin is expressed intracellular as a zymogen with a 
signal peptide. After release of aureolysin into the supernatant, the immature aureolysin 
undergoes rapid autocatalytic activation, which is facilitated by the fungalysin-thermoly-
sin-propeptide domain(2). This autocatalytic activation of aureolysin is essential to initiate 
the staphylococcal proteolytic cascade(3). Aureolysin proteolytically cleaves the V8 prote-
ase (SspA) to produce a mature and functional enzyme. V8 protease on its turn processes 
pro-Staphopain B (SspB), which is expressed on the same operon. Like all other major pro-
teases from S.	 aureus, the transcription of aureolysin is regulated by sigmaB controlled 

Figure 1. Schematic representation of the key and lock model
The	active	protease	is	depicted	in	black.	The	cleavable	substrate	is	depicted	in	light	grey,	the	non-cleavable	sub-
strate	in	dark	grey

ProteaseSubstrates
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promoters. These promoters are upregulated during the post-exponential growth phase, 
which is dependent on the accessory gene regulator (agr) and repressed by the transcrip-
tion factor SarA (Reviewed by Novick)(4,5). This quorum sensing system is a characteristic 
for all S.	aureus proteases and many other extracellular secreted virulence factors(6). Au-
reolysin has a wide substrate specificity and has been shown to contribute to i) bacterial 
spreading and invasion by activating the fibrinolytic system(7), ii) resistance to antimicro-
bial peptides(8), and iii) inhibition of immunoglobulin production by lymphocytes(9). In 
chapter two we have reported aureolysin also to be an inhibitor of the complement sys-
tem. Within minutes aureolysin efficiently degrades C3, the major component of the com-
plement system. Surprisingly, this cleavage ‘opens’ the C3 molecule thereby forming the 
active C3b, but also at the same time making the molecule vulnerable for proteolytic deg-
radation by circulating host regulators such as factor I and factor H. 

AprA	
The 50 kD zinc metalloprotease alkaline protease (AprA) from P.	aeruginasa degrades sev-
eral components of the host immune system, such as complement C1q and C3 (10), cyto-
kines like IFN-gamma and TNF-alpha(11). In addition, AprA prevents TLR5 activation via the 
cleavage of monomeric flagellin (Bardoel et	al. Plos Pathogens –in press). AprA is secreted 
via its own type I secretion system, that is encoded by three genes upstream of the aprA 
gene. P.	aeruginosa also encodes a highly specific inhibitor of alkaline protease (AprI), which 
is translocated to the periplasmic space according to its signal sequence. It is speculated 
that AprI protects the bacterium from proteolytic degradation. However, the AprI knockout 
shows no difference in phenotype (data not published), which allows full speculation on the 
intracellular role and mechanism of AprI in AprA regulation.  In chapter three we zoom into 
the specificity of AprA as a complement inhibitor. Using lower, more biological relevant 
concentrations and shorter time incubations than described in literature, we could show 
that AprA specifically cleaves C2. The efficient degradation of C2 was the limiting factor 
meaning that the mechanism of complement inhibition by AprA is by targeting C2.

Staphopain	A	
Staphopain A (ScpA) and Staphopain B (SspB) are cysteine proteases secreted by S.	aureus. 
Both proteases are secreted as zymogens. As stated above, Staphopain B is matured by the 
proteolytic cascade, while activation of Staphopain A is independent of this system and is 
autocatalytic. Staphopain B is clustered on the SspABC operon and Staphopain A on the 

Figure 2. Schematic representation of post-translational regulatory systems for protease activity. 

Zymogen Inducedfit Protease inhibitor



105Summarizing	discussion

SI
X

ScpAB operon. Both proteases are regulated by the agr-system and controlled intracellular 
by coexpression within the same operon their inhibitors, called Staphostatin A and B (ScpB 
and SspC respectively). Staphostatin A is specific for Staphopain A(12)and prevents prema-
ture autocatalytic activation by stabilizing the proStaphopain A zymogen. These inhibitors 
are crucial for intracellular prevention of host damage. Mutants of Staphopain A and B 
show significant decreased growth rates, while heterologous coexpression with its inhibi-
tor restored this effect(13,14). Staphopain A is known to cleave a number of human pro-
teins including elastin, collagen, fibrinogen and kininogen. However, all these substrates 
are even better cleaved by Staphopain B as well. In chapter four we have described the first 
specific substrate for Staphopain A. Staphopain A cleaves the N-terminal extracellular do-
main of the CXC chemokine receptor 2 (CXCR2), which is the domain important for activa-
tion of the receptor. This ensures inhibition of CXCR2 dependent neutrophil activation and 
recruitment to the site of infection.

Serine	protease-like	proteins
The serine protease-like (Spls) proteins are encoded into a cluster of six genes into one 
operon with a sequence identity of 44 to 95%(15,16). Almost all Staphylococcal proteases 
are produced as zymogens to ensure inactivity within the cytoplasm. The proteolytic cas-
cade induced by aureolysin activates the proteases extracellular. Exfolative toxins (ETs) are 
an exception, because of the extreme substrate specificity there is no need for intracellular 
protection. The Spls reveal on amino acid level a homology with the ETs (25 to 30% with 
V8), but also with the less specific serine protease V8 (33 to 36% with Spls). They are all 
members of the serine proteases, which is classified by their active site, also known as the 
catalytic triad. Additionally, serine proteases have a site to stabilize the substrate, which is 
called the oxyanion hole. On a structural level the Spls like the ETs show a distortion of the 
oxyanion hole(17,18). Furthermore, for SplC it has been shown that the catalytic triad is 
blocked(17). Only correct binding of the right substrate will ‘open’ the molecule to gain 
enzymatic activity. These structural characteristics just like the ETs, but different to V8 
protease, are responsible for a very limited substrate preference of the Spls. Even though 
the Spls described seems to be correctly folded, still misfolding of the protein by incorrect 
processing cannot be excluded. We have proposed in chapter five an expression system 
capable of processing the correct N-terminus by peptidases from its natural host. This al-
lows correct folding and secretion into the extracellular environment. The expressed pro-
teases SplA and SplB were correctly processed and active, as described in literature. Be-
sides the expression of the described Spls in this chapter we also expressed and isolated 
SplC. However no activity has been found for this molecule yet. All together, the Spls ex-
pressed and isolated by its natural host showed no conflict with the literature and support 
the structural findings. However, only crystallization of the Spls isolated by the S.	aureus 
expression system will allow full concurrence.

Regulation of protease specificity

Zymogens
Most proteases are secreted in an inactive precursor form, which is called a zymogen or 
pro-enzyme. This is an N-terminal propeptide, which interferes with the active site either 
by blockage, or by holding the molecule in an inactive conformational stage. Once the N-
terminus is cleaved off the protease is functionally active, which is performed by a different 
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protease or by autocatalysis. The described proteases in this thesis all are zymogens except 
for the Spls. Although it has been shown for the Spls, that the signal peptide can be consid-
ered as propeptide, the only difference is that the Spls are active once they are secreted, 
and zymogens are activated extracellular. This mechanism is not only for intracellular pro-
tection, but can be considered more as post-translational regulatory system. For example 
aureolysin activates after autocatalytic activation the staphylococcal proteolysis cascade. 
In this way, these protease activities are regulated 

Induced	fit	model
In contrast to the key and lock model, the induced fit model proposes that proteases in 
general can be flexible. A conformational change of the active site is induced by interacting 
with its substrates until complete fit is established and the substrate can be cleaved. This 
allows proteases to try to fit into the substrate, meaning that for one substrate this is more 
efficient than for the other.  This difference in efficiency explains specificity. AprA for ex-
ample cleaves many complement molecules. However, by combining all substrates specific-
ity for C2 is observed. This shows that AprA induces a fit into many complement molecules, 
but C2 fits best and thereby shows specificity. Extreme cases of proteases for which the 
active site is induced to fit, are the group of Spls and ETs. For these molecules it has been 
shown structurally that they have distortions in the active site or the oxyanion hole in such 
a way that it was believed that these molecules have no proteolytic activity on their own. 
Only by binding of the correct substrate will induce a major conformational change of the 
protease to such an extent that the substrate will fit. Such substrate specificity makes it 
difficult to unravel the function of the protease. For the ETs almost 30 years was necessary 
to discover that desmoglein-1 is the substrate thereby explaining finally the association of 
ETs and Staphylococcal Scin Scalded Syndrome(19). Not surprisingly, no substrates has 
been found yet for the Spls, which were first described in 2001(15).

Protease inhibitors
Protease inhibitors are molecules that block the function of proteases, thereby protecting 
the environment from proteolytic degradation. They are classified by the group of prote-
ases that they inhibit. This can be specific to one group or even to one specific protease, or 
to a wide group of proteases. Approximately 10% of the proteins in human plasma are es-
sential to regulate proteolytic events in tissues and are therefore suggested to counteract 
the bacterial proteases(20,21). Alpha-2-Macroglobulin (A2M) is a blood circulating inhibitor 
able to block a wide variety of protease classes (including serine-, cysteine-, aspartic- and 
metalloproteases) by a so called fishing technique. It has a 35 amino acid ‘bait’ region which 
upon recognition by a specific protease will be cleaved. Immediately after cleavage the 
protease inhibitor will undergo a conformational change which will ‘capture’ the protease 
thereby sterically hindering the active site of the protease. This complex will be recognized 
by cells and removed from the system. Bacterial proteases have to counteract these in-
hibitors to function in the host tissue. Interestingly, aureolysin, AprA and Staphopain A are 
not affected or to such an extent that these proteases still have an effect on the host im-
mune system. On top of that, bacteria have developed strategies to neutralize the plasma 
derived inhibitors(22). 
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Protease inhibitors can also be very specific to one protease. For instance the bacterial 
Staphostatin A and B only recognize respectively Staphopain A and B. These inhibitors are 
on the same operon with their targets, which is necessary to protect the bacterium from 
intracellular degradation by the Staphopains. 

Conclusion

Proteases can be regulated in many different ways which can be locally or systemically. 
There are per protease many mechanisms to regulate its activity. For example many zymo-
gens also have a specific inhibitor intracellular (AprA and the Staphopains), which is puzzling 
and still a matter of debate whether these proteases mature once transported across the 
membrane. This would explain the presence of specific inhibitors for backup protection. In 
general, it seems like that even though proteases degrade specific substrates still a huge 
regulatory mechanism is apparently necessary to protect the environment from proteo-
lytic degradation. Logically, because once a protease is activated it remains active cleaving 
many substrates kinetically. This is different to immune evasion molecules that sterically 
inhibit an immune response, such as SCIN A-C, CHIPS, Flipr, Flipr-like, Efb, Ecb and the SSLs 
from S.	aureus. These molecules bind in a 1:1 ratio with their ligand, thereby preventing 
their function. It is difficult to argue what would be more effective. In general immune eva-
sion proteins are more specific to target their ligand than proteases. However, some pro-
teins have more targets, for example CHIPS binds both the FPR and the C5a receptor. Ap-
parently, some targets are more vulnerable to proteolytic breakdown than others, or more 
effective when sterically inhibited. This has allowed bacteria to make a panel of mecha-
nisms to evade the host immune system. 

That one protease can cleave many substrates in time is an open door for artifacts when 
tested in	in	vitro assays. The biological relevance of proteases can only be tested using rel-
evant time incubations and concentrations. This was apparent when AprA was tested with 
lower concentrations and time incubations in serum. Only then AprA showed specificity to 
target C2. This made it possible to link the C2 analysis with the functional data. Another 
example, aureolysin cleaves C3, thereby activating C3. However, a huge difference was ob-
served when aureolysin was tested in serum and made it possible to unravel the mecha-
nism of action. Thus, a functional relevant assay requires that the protease is surrounded 
with many substrates to select its specific target, which thereby will reveal the exact func-
tion of the protease. 

Interesting about these two complement inhibitory proteases is that they both cleave C2 
and C3 similar to their natural proteases (respectively, C1s and Masp2, and C2 and factor B) 
thereby activating their target. This seems unlogical, because they activate the molecule 
and thus in theory the complement system, however this is the site which has to be vulner-
able for proteolytic activation. And because in this case the activation takes place away 
from the bacterial surface it will have no effect. Targeting C2 or C3 are two clever mecha-
nisms with different advantages and disadvantages. C2 circulates in low concentrations and 
is a crucial molecule for the activation of the classical and lectin pathway. C3 circulates in 
large concentrations, but is the main molecule of the complement system responsible for 
activation of all pathways. Depending on the efficiency one protease could be a more ef-
fective complement inhibitor than the other. 
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Besides the potency of a single molecule as an immune modulator, one must take into ac-
count the outcome of all immune modulators together. The trick is to regulate the activity 
of the modulator when the activity is needed to counteract a specific immune response. 
This regulation takes place on a transcriptional, translational and post-translational level as 
described above, but also they regulate each other, for example the proteases from S.	au-
reus are activated by the protease cascade. Moreover, it became recently evident that pro-
teases regulate immune modulating proteins (unpublished data). Nevertheless, bacteria 
secrete many immune modulators, and even though this seems redundant it is a way to 
deal with a redundant immune system. 
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Bacteriën zijn overal om ons heen, ze leven bijvoorbeeld op onze huid, in de neus en in de 
darmen. In deze omgevingen passen de bacteriën (commensalen) zich aan om te kunnen 
overleven. Ons afweersysteem heeft zich ook aangepast op deze plaatsten, omdat we com-
mensalen nodig hebben voor de afweer tegen schadelijke bacteriën (pathogenen) en voor 
de opname van voedingsstoffen. Tegelijkertijd zorgt ons afweersysteem ervoor dat deze 
bacteriën het lichaam niet verder kunnen binnen dringen. Op het moment dat deze bar-
riëre verzwakt is of wordt doorbroken, kunnen pathogenen, zoals Staphylococcus aureus 
en Pseudomonas	aeruginosa, zich aanpassen in het lichaam en daardoor veel schade aan-
richten (infectie) met soms zelfs dodelijke gevolgen. Een van de mechanismen die patho-
genen hebben ontwikkeld om in het lichaam te kunnen overleven is de productie van pro-
teases. Dit zijn enzymen die stoffen kunnen afbreken, bijvoorbeeld stoffen die zorgen voor 
onze afweer. In dit proefschrift wordt de interactie van verschillende proteases met het 
menselijk afweersysteem omschreven. 

Aureolysine is een zink metalloprotease die wordt uitgescheiden door Staphylococcus au-
reus. In hoofdstuk 2 hebben we laten zien dat aureolysine een van de belangrijkste compo-
nenten van ons afweersysteem afbreekt, namelijk complement component 3 (C3). C3 is het 
centrale onderdeel van een cascade van activerende stoffen. Deze cascade wordt het com-
plement systeem genoemd en is een cruciaal element van ons aangeboren immuun sys-
teem. De afbraak van C3 leidt ertoe dat alle onderliggende effector functies van de cascade 
ook geremd worden, dus er ontstaat remming van de complement activatie, remming van 
de aantrekking van phagocyten, die de bacteriën op kunnen nemen en kunnen doden. 
Daardoor ontstaat  een toename van de overlevingskans van S.	aureus. De manier waarop 
C3 wordt afgebroken door aureolysine is heel ingenieus. Aureolysine knipt C3 waardoor het 
component eigenlijk geactiveerd wordt en in theorie de cascade kan activeren. Normaal 
gesproken wordt C3 geactiveerd wanneer deze zich vlak bij de bacterie bevindt, maar door 
aureolysine, die door de S.	aureus is uitgescheiden, vindt activatie plaats op een plek ver 
weg van de bacterie. Omdat de activatie daardoor een gevaar vormt voor destructie van 
het omliggende weefsel, grijpt het complement regulerend systeem in en hierdoor wordt 
het geactiveerde C3 component afgebroken en de cascade geremd. 

Een andere protease die het complement systeem ook aanpakt is de alkaline protease 
(AprA) van Pseudomonas	aeruginosa. Van deze protease is bekend dat meerdere compo-
nenten van de cascade worden afgebroken. In hoofdstuk 3 laten we zien dat dit eigenlijk 
niet biologisch relevant is, doordat voorheen grote hoeveelheden protease en lange incu-
batie tijden werden gebruikt. Door de hoeveelheid en incubatie duur aan te passen hebben 
we aangetoond dat AprA het complement systeem kan remmen door component 2 (C2) 
aan te pakken. C2 en factor B zijn twee componenten van de cascade die ervoor zorgen dat 
C3 geactiveerd wordt. Doordat C2 wordt afgebroken door AprA, kan C3 niet geactiveerd 
worden en zo wordt een deel van de complement cascade door P.	aeruginosa geremd. 

Complement activatie is één van de manieren van het immuun systeem om phagocyten op 
de plek te krijgen waar de pathogenen zich bevinden. De phagocyten bevinden zich in onze 
bloedbaan als niet geactiveerde cellen. Wanneer ze worden aangetrokken naar het onder-
liggende weefsel, worden ze daar geactiveerd tot cellen die in staat zijn pathogenen te 
doden. Ook hiervoor heeft S.	aureus een trucje bedacht. In hoofdstuk 4 heben we ontdekt 
dat de protease Staphopain A de receptor CXCR2 van de phagocyt afknipt. CXCR2 is één van 



114 Nederlandse	samenvatting

de belangrijkste receptoren op deze cellen die zorgt voor het detecteren van stoffen, zodat 
de phagocyten worden aangetrokken naar de plaats van infectie. Daarnaast zorgt CXCR2 er 
met andere receptoren voor dat de phagocyt geactiveerd wordt. Doordat Staphopain A 
deze receptor afknipt, kan de phagocyt niet reageren op bepaalde activerende stoffen en 
niet meer aangetrokken worden naar de plek van infectie. Hierdoor beschermt S.	aureus 
zich tegen de aanval van deze cellen en heeft de bacterie dus meer kans op overleving. 

De proteases die hierboven zijn beschreven zijn allemaal op een één of andere manier ge-
maakt en gezuiverd om ze te kunnen testen in vele experimenten. Het maken en zuiveren 
van proteases is niet eenvoudig. Hiervoor wordt meestal een bepaald soort bacterie ge-
bruikt, Escherichia	coli, die geoptimaliseerd is voor de expressie van eiwitten. Het probleem 
echter bij dit soort systemen is dat als je gebruik maakt van proteases van S.	aureus je niet 
weet of E.	coli exact hetzelfde produceert als je het gen erin kloneert. Daar komt nog bij dat 
S.	aureus zichzelf wil beschermen tegen de proteolytische activiteit van de proteases en 
heeft daarom regulerende systemen ontwikkeld voor zijn eigen proteases die E.	coli niet 
heeft. In hoofdstuk 5 hebben we een expressiesysteem ontwikkeld om deze moeilijkheden 
te ontwijken. We laten de proteases die gemaakt worden door S.	aureus ook door deze 
bacterie produceren. Normaal is het erg complex om de proteases die door de bacterie 
gemaakt worden te zuiveren uit het medium, maar doordat we een zogenaamde tag heb-
ben ingebouwd in de protease, kunnen we deze herkennen en zo tussen alle andere stoffen 
uit het medium halen. Daarnaast is de productie in de natuurlijke gastheer, waardoor de 
protease op een natuurlijke manier gemaakt kan worden. Dat betekent dat de protease op 
een natuurlijke manier wordt geactiveerd.

In conclusie, pathogenen hebben vele manieren ontwikkeld om ons immuun systeem te 
ontwijken om zo te overleven in ons lichaam. Eén van deze strategieën is het produceren 
van proteases die specifiek een deel van ons immuun systeem kunnen aangrijpen, zodat 
dat deel wordt geremd. Zo kan de bacterie overleven en ons het leven zuur maken. Het 
onderzoeken van dit soort interacties kan ons meer inzicht geven in de bacterie en daar-
naast kunnen we de immuun modulerende eigenschappen van deze proteases gebruiken in 
ons voordeel voor het ontwikkelen van nieuwe therapieën voor zowel inflammatoire als 
infectiezieken. 
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Woensdag 20 juli, het regent, maar het goede nieuws heb ik zojuist per SMS van Jos gekre-
gen: de commissie heeft het proefschrift goedgekeurd! Dat betekent dat het erop zit, al-
leen nog het dankwoord schrijven. Gelukkig heb ik nog even. Ik merk dat het schrijven van 
het dankwoord gepaard gaat met het teruggaan in de tijd hoe dit allemaal tot stand is geko-
men. Toen ik aan mijn promotietraject begon had ik eigenlijk geen flauw idee wat me te 
wachten stond. Jammer genoeg bestaat er geen boek over ‘Promoveren doe je zo, voor 
dummies’. Maar goed desalniettemin, het zit erop, maar ik kan me niet voorstellen hoe ik 
dat in mijn eentje had moeten doen. 

Jos, een half jaar voor mijn afstuderen vroeg je mij of ik aan een promotie traject wilde 
beginnen. Daardoor wees je mij niet alleen een weg die ik in kon slaan, maar eigenlijk was 
voor mij veel belangrijker dat ik dit nieuws op tijd aan mijn pa kon vertellen. Hij heeft 
geweten dat ik zou gaan promoveren. Dat je een weg aanwees was voor mij lange tijd niet 
duidelijk. Vaak kwam ik langs om te vertellen wat ik nou weer van plan was. Nu weet ik 
beter, eerst promoveren en dan kijken we weer verder. Bedankt voor je vertrouwen in mij 
en de vele A3tjes!

Suzan, het was een lange rit... voor jou denk ik. Wat wil die jongen nou? Promoveren of 
niet? Er moeten momenten zijn geweest dat je dacht: ‘dit gaat niet goedkomen.’ Bij mij 
waren die er in ieder geval wel. Gelukkig was jij altijd in de buurt voor de morele steun, 
maar vooral de steun om tja eigenlijk alles te worden wat een goede wetenschapper hoort 
te zijn. Dat het is goedgekomen, komt door het lab en door jou! Heel erg bedankt voor alles 
en ik wens jou, Toon en Janne heel veel geluk en een mooie toekomst. 

Maartje, naast druk met moeder zijn, ben je onder andere ook druk met Aios helpen te 
promoveren. Zeker de helft van dit proefschrift is aan jou te danken. Behalve SMIC (=’S 
worlds Most Irritating Complement inhibitor) is het jou gelukt om menig hoofdstuk in een 
handomdraai bij elkaar te pipetteren. 

Bart, of was jij nou Alex? Wij hebben het de mensen op het EWI niet makkelijk gemaakt, 
blijkbaar. Tegelijk zijn we  begonnen en tegelijk zijn we geeindigd. Ik denk dat we beiden 
heel erg gegroeid zijn gedurende deze jaren. Veel daarvan heb ik aan jou te danken. Het 
scheelt gewoon veel als je samen met iemand in een schuitje zit en als je het dan even niet 
meer weet dat die ander je de weg kan wijzen. Nu jij het lab gaat verlaten zal disco bal kop-
pen nooit meer hetzelfde zijn...

De puinruimers, Willemien, Erik, Kok Carla, jullie moesten alles in eens laten vallen. Een si-
rene ging af, een aio in nood. Dat was ik. Ik had nog 6 maanden, er moesten 3 papers bij 
elkaar gepipetteerd worden. Samen hebben we hoofdstuk 4 onder handen genomen en 
het is gelukt; het is een mooie paper geworden. Bedankt!

Fin, bedankt voor alle hulp en discussies. En natuurlijk je hulp bij het plaatjes schieten, ik 
vond helemaal niet erg dat je jouw lenzen collectie aan het vernieuwen was. 

Alex (Horswill), thanks for the great collaboration. Providing the KO strains, and our discus-
sions really helped to realize and improve the work. 



120 Dankwoord

Peter van Ulsen, bedankt voor alle hulp bij het Neisseria project. Jammer dat we SMIC maar 
niet konden doorgronden... Maar we zijn pas bij Peter’s Preferences 1 tot en met 5, dus wie 
weet. 

De UMC stoemperts, Evelien, Michiel, het beest, Dr.Fun, Snelle Schleck, SuGer, Daphne, en 
de Haas. Hoogte- en dieptepunten vinden niet alleen plaats op het lab maar ook in de kroeg 
en op de fiets. De hel van Doorn en de steenpuist van Amerongen, ik ben blij dat ik in jullie 
wiel mocht zitten anders had ik het nooit gehaald.

Kamergenoten Lydia, Nicole en Guido, ik denk dat wel gezegd mag worden dat wij de inter-
essantse kamer van het EWI hadden, entertainment alom. Succes nog met de laatste 
loodjes! 

“Studenten? Daar ben je zeker de eerste 3 maanden druk mee en als je geluk hebt dan heb 
je daarna misschien nog iets aan”. Renate, Femke, Job en Gerdien: dit gaat zeker niet voor 
jullie op! Al vanaf dag 1 hadden jullie een pipet in iedere hand en hebben de projecten 
vooruit geduwd. Super bedankt!

New movie: “The lab”, starring Annemarie-EM-kan-ik-met-mijn-ogen-dicht-alleen-heeft-
dat-geen-zin, Andras-the-lab-whisperer, Doe-mij-maar-een-navelstreng-Mignon, Mac-at-
tack-Evelien, Chef-kok-Stefan, Vraag-maar-aan-piet-die-weet-het-wel-Piet, wouter-het-kan-
altijd-fouter, Je-voudrais-une-petit-peux-plus-phages-Cindy, Sergey-the-projectcollector, 
PhD-like-Marc, I-do-pipetting-with-sticks-Xingling, Genomics-is-net-als-plaatjes-draaien:-
het-zit-in-je-Willem, Give-me-your-shit-Elena, Jan-heeft-er-zin-in, It’s-All-in-the-nose-Cas-
sandra, Virussen-geven-me-vleugels-Marieke, Bacteriën-zijn-voor-watjes-Jori, Samba-di-
EWI-Fernanda, Geef-maar-ik-regel-het-wel-Karlijn and the whole labcrew. Out now! Tickets 
available at your local post office. 

 “The lab-part II: the ex-colleagues”, starring Ilse-oost-west-london-is-the-best, Mijn-Veni-
heb-ik-op-vrijdag-geschreven-Jovanka, I-do-ELISA’s-on-the-train-Dodi, Marieke-the-Pro-
bo-dealer, Knockouts-maken-doe-je-zo-Esther, Neeltje-no-food-no-paper, Facebook-is-ei-
genlijk-ontdekt-in-Almere-Antoni and Armand-the-defender. Sold out!

“The lab-part III: Good food, Good life”, starring I-eat-wolfberries-together-with-George 
Clooney-Karine, Nabil-the-walking-pubmed, Ca-va-tout-déchirer!-Manu, Jeanne-the-envi-
ronmental-officer, Laurent-good-food-good-music, Science-is-in-the-heart-Stephanie, 
Jalil-the-controller, I-never-have-a-bad-hairday-David, Danish-blue-Jenny, Dennis-the-
muscleman, and les-irremplaçables-Genevieve-Iris-and-KimYen. Coming soon to your the-
atre!

Mijn familie, wat is dat toch met die Laar-mannen en proefjes doen? Ze experimenteren 
met eten, op planten, mensen, parasieten en nu ook bacteriën. Waar houd het op?  Mams, 
Victor, Annemarie en Pascal, bedankt voor alle steun en toeverlaat! 

Beste Wim, Kitty, Sacha, Gerben en Benthe, het is fijn jullie dit jaar officieel als schoonfa-
milie te hebben!



121Acknowledgements

Lieve Judith, sinds de dag dat we elkaar leerden kennen is het alleen maar een stijgende lijn. 
Samen versterken we elkaar elk op onze eigen bodem. Dit jaar was een druk jaar,  (the big 
three) trouwen, promoveren en baby voorbereidingen.  Ben heel benieuwd hoe dat vol-
gend jaar zal zijn...maar met jou vast heel goed!

Lieve... Ik mag nu nog niet zeggen hoe je heet. Later als je iets groter bent zal ik voor het 
slapen gaan proberen uit te leggen wat ik in dit boekje geschreven heb. Je zult er denk ik  
goed op slapen. Slaap lekker!

En nu? Ik ga denk ik maar eens een boek schrijven: ‘Promoveren kan ook zo, voor dummies’.
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