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LIST OF ABBREVIATIONS

IL-8 interleukin 8

LukED leukocinin ED

MAMP microbial-associated molecular pattern

MASP mannan-binding lectin-associated protease

MBL mannose-binding lectin

MPO myeloperoxidase

NE neutrophil elastase

NETs neutrophil extracellular traps

NSP neutrophil serine protease

NSP4 neutrophil serine protease 4

PBMC peripheral blood mononuclear cell

PI-6 protease inhibitor 6 

PR3 proteinase 3

PSGL-1 P-selectin glycoprotein ligand 1 

PVL Panton-Valentine leukocidin

SAK staphylokinase

Sbi S. aureus binder of IgG

SCIN staphylococcal inhibitor of complement

SLPI secretory leukocyte protease inhibitor

SpA staphylococcal protein A

SSL7 superantigen-like protein 7

TSST-1 toxic-shock syndrome toxin 1

 

 α1-AT alpha-1-antitrypsin

A2M alpha-2-macroglobulin

ACT antichymotrypsin 

C5aR C5a receptor

CG cathepsin G

CHIPS chemotaxis-inhibitory protein of S. aureus

CR1 complement-receptor 1

CR3 complement-receptor 3

CXCR2 CXC chemokine receptor 2

DPP-I dipeptyl peptidase-I

Eap extracellular adherence protein

EapH1 Eap-homologue 1

EapH2 Eap-homologue 2

Ecb extracellular complement-binding protein

Efb extracellular fi brinogen-binding protein

FB factor B 

FcαR Fc receptor for IgA

FD factor D

fMLF formylated peptide Met-Leu-Phe

FPR1 formyl-peptide receptor 1

FPR2 formyl-peptide receptor 2

ICAM-1 intercellular adhesion molecule 1
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INNATE IMMUNE SYSTEM
The innate immune system forms the fi rst line of defense against all types of micro-

organisms. It recognizes invading microorganisms via general patterns of non-self mole-
cules (microbial-associated molecular patterns, MAMPs). It can act relatively fast, since 
it does not require clonal expansion of cells specifi cally recognizing a particular species. 
It consists of humoral and cellular components that are functionally intertwined to gener-
ate an optimal immune response1. 

Humoral innate immunity
The humoral arm of the innate immune system consists of an abundant collection of 

plasma proteins. These function individually, like antimicrobial proteins, or in a cascade, 
like the complement system. These cascades rely on circulating pro-forms of proteins, 
which become activated mostly via proteolytic cleavage2. Thereby they ensure amplifi ca-
tion of the initial signal. Naturally, these systems need to be tightly regulated to prevent 
false, uncontrolled immune activation2.

Complement 
The complement cascade opsonizes invading bacteria to mark them for destruction by 

immune cells. In addition, the terminal complement complex can directly lyse Gram-neg-
ative bacteria3. Initiation of the complement cascade can occur via three distinct path-
ways, of which the classical and lectin pathways are quite similar (Fig. 1). For initiation 

C3b

Recognition Opsonization
C5b-9

C4b
C2a

AP 
amplificationC3a C5a

C3bC3b

classical 
pathway

lectin
pathway

alternative
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Cell lysis

C3b
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C1r
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C2

C5b
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C3
(H2O)
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Figure 1. Complement activation on the bacterial surface. The classical and lectin pathways are initiated 
when recognition molecules (C1q or MBL, brown) bind their associated serine proteases (C1s and MASP-
2, purple) that cleave C4 into C4b and C2 into C2a. The C4b2a complex on the bacterial surface is a C3 
convertase that cleaves C3 to release the anaphylatoxin C3a and to deposit C3b. The complement reaction is 
amplifi ed via the alternative pathway, where the deposited C3b molecules initiate formation of another C3 con-
vertase (C3bBb), which associates with the serine proteases FD and FB to convert more C3. Subsequently, C3b 
molecules also generate C5 convertases by binding onto or near the C3 convertases (forming C4b2aC3b and 
C3bBbC3b). This initiates a substrate switch, which causes cleavage of C5 into soluble C5a and C5b that forms 
a complex with C6-9 to generate the terminal complement complex (C5b-9). This fi gure was partly modifi ed 
from Berends et al.3.
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of the classical pathway C1q recognizes antibody-opsonized bacteria, and for initiation 
of the lectin pathway mannose-binding lectins (MBL) or fi colins recognize sugar moi-
eties on the bacterial surface. Both processes will activate serine proteases (either C1s or 
mannan-binding lectin-associated proteases (MASPs)) that cleave C4 into C4b, which is 
deposited on the bacterial surface via its reactive thioester. Subsequently, C2 is cleaved to 
generate active C2a, and together with C4b this forms a C3 convertase that can cleave sol-
uble C3 into the anaphylatoxin C3a and the opsonin C3b. The generated reactive thioester 
of C3b will be employed to opsonize the bacterial surface. Recognition of C3b-opsonized 
bacteria by the complement-receptor 1 (CR1) and CR3 on immune cells will then induce 
phagocytosis. The third activation pathway, the alternative pathway, mainly functions as 
an amplifi cation loop of C3b deposition. In combination with the serine proteases factor 
B (FB) and factor D (FD) this will lead to increased deposition of C3b. Subsequently, C5 
convertases are generated by addition of a C3b molecule to one of the C3 convertases 
(yielding C4b2aC3b, or C3bBbC3b). These convertases cleave C5 into C5a, which is a 
potent anaphylatoxin, and C5b, that subsequently associates with C6-9 to form the termi-
nal complement complex3. 

Cellular innate immunity
Whereas the complement system marks invading bacteria for destruction, the cel-

lular arm of the innate immune system is designed to clear them. The cellular innate 
immune system comprises blood cells of the myeloid lineage, which are divided into 
mononuclear cells (monocytes and macrophages) and polymorphonuclear cells (neutro-
phils, mast cells, basophils and eosinophils)2. Neutrophils (and to some extent mast cells 
and basophils) phagocytose invading bacteria. Subsequently, macrophages are attracted 
to the site of infection to clear these neutrophils2,4. Monocytes are classically seen as the 
blood-circulating precursors of these tissue macrophages. Lastly, mast cells and basophils 
play important roles in fi ghting helminthic infections and maintaining homeostasis2. Of 
these innate, myeloid cells, neutrophils are the most abundant, forming 60% of the total 
amount of white blood cells.

Neutrophils
Neutrophils have a prominent role in antimicrobial defense, which is clearly demon-

strated by the numerous recurrent infections in neutropenic patients5. Like the other poly-
morphonuclear cells, neutrophils belong to the granulocytes, indicating that their cytosol 
contains numerous granules in which various antimicrobial peptides and proteases are 
stored. Different granules store different proteins: azurophilic (primary) granules contain 
high amounts of myeloperoxidase and neutrophil serine proteases (NSPs), collagenase 
(secondary) and gelatinase (tertiary) granules instead contain high amounts of lactoferrin 
and gelatinase, respectively, and secretory granules mainly contain cell-surface recep-
tors6. The antimicrobial contents of these granules play important roles in all mechanisms 
via which neutrophils can rapidly kill bacteria6. 

Upon bacterial infection, neutrophils are among the fi rst cells of the innate immune 
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system to migrate towards the infection7. Bacterial infection induces local production of 
chemoattractants, like formylated peptides, C5a, and chemokines (e.g. IL-8). Neutrophils 
sense these chemoattractants via specifi c receptors (respectively FPR1 and FPR2, C5aR, 
and CXCR2). This induces cellular activation and altered receptor expression (e.g. up-
regulation of CR3)8. In addition, endothelial cells upregulate their receptors (for exam-
ple PSGL-1 and ICAM-1) that promote rolling of neutrophils over the endothelium and 
subsequent fi rm adhesion. In the next step, neutrophils transmigrate over the endothelial 
cell layer, and terminate their initial interactions with the endothelium via incomplete-
ly-defi ned mechanisms9. Whereas the chemotactic gradient of IL-8 had been most potent 
in guiding the neutrophil toward the activated endothelium, other chemotactic gradients 
(i.e. fMLF) are now favored to guide the neutrophil from the endothelium to the site of 
infection8. 

Once at the site of infection, neutrophils have several an-
timicrobial weapons at their disposal (Fig. 2)10. First, neutro-
phils can engulf bacteria via phagocytosis. This is initiated 
when CR1 or CR3 recognize the C3b-oponized bacteria, or 
alternatively when Fc receptors recognize IgG-opsonized 
bacteria. Subsequently, pseudopods of neutrophilic plasma 
membrane will extend and surround the bacterium to induce 
complete uptake of the bacterium into a phagocytic vacuole11. 
Fusion of the azurophilic granules with the formed phagocyt-
ic vacuole will deliver antimicrobial proteins to the bacteria. 
Together with the generated reactive oxygen species, this will 
induce bacterial killing (Fig. 2A)11. Second, neutrophils can 
directly release their granular content into the extracellular 
milieu via exocytosis (degranulation)7. This is an unfavor-
able mechanism, since it will also cause bystander damage 
to neighboring cells (Fig. 2B). Third, neutrophils can release 
their antimicrobial proteins and restrict bystander damage by 
secreting neutrophil extracellular traps (NETosis). NET for-
mation requires DNA decondensation, and disintegration of 
the nuclear and granular membranes. Subsequently, the DNA 
will mix intracellular with the granular components, upon 
which this meshwork is excreted. Within NETs, bacteria are 
entrapped and might be killed by the antimicrobial compo-
nents (Fig. 2C)12.

Degranulation

Phagocytosis

NETosis

azurophilic granules

bacteria

other granules

individual NSPs

A

B

C

Figure 2. Antimicrobial strategies of neutrophils. (A) Phagocytosis: neu-
trophils ingest opsonized bacteria, after which the granules fuse with the 
phagocytic vacuole to release NSPs and antimicrobial components that kill 
the bacteria. (B) Degranulation: neutrophils release their granule contents 
into the extracellular space, after which antimicrobial components kill the 
bacteria in the extracellular milieu. (C) NETosis: neutrophils excrete a mix of 
granule components and DNA to capture bacteria. This fi gure was published 
in Stapels et al.10.
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Neutrophil serine proteases
The azurophilic granules contain a family of related neutrophil serine proteases 

(NSPs)6, consisting of neutrophil elastase (NE), proteinase 3 (PR3), cathepsin G (CG), 
and the recently discovered neutrophil serine protease 4 (NSP4)13. The genes for NE 
(ELANE), PR3 (PRTN) and NSP4 (NSP4) are all located on chromosome 19p13.3. This 
cluster also contains the proteolytically inactive homologue azurocidin (AZU1)13. On the 
other hand, the gene for CG (CTSG) is located within the chymase locus on chromosome 
14q11.214. Of all leukocytes, neutrophils contain the highest amounts of NSPs per cell, 
with 1 pg NE15, 3 pg PR316, 0.8 pg CG15, but only about 0.04 pg NSP413. Since transcrip-
tion of these genes occurs just before the formation of the azurophilic granules in the 
promyelocytic stage of neutrophil differentiation6, lower amounts of NSPs are also found 
in other innate immune cells14,17,18. 

The NSPs are synthesized with an additional C-terminal peptide with a yet unknown 
function and an N-terminal inhibitory propeptide. This dipeptide is cleaved off within the 
post-Golgi organelles by cathepsin C (dipeptidyl peptidase-I; DPP-I) to obtain potentially 
active proteases14. However, within the azurophilic granules the NSPs are kept inactive 
by tight binding to proteoglycans. Active proteases are only released into the phago-
cytic vacuole when the altered ion concentrations release the interaction of NSPs with 
the proteoglycans6,19,20. Within the phagocytic vacuole, NSP concentrations are believed 
to increase to up to 50 mg/ml (based on calculations for MPO15,16,19). Upon activation 
of neutrophils, NSPs are found associated with the neutrophil plasma membrane. NE 
dissociates from the membrane upon binding its inhibitor alpha-1-antitrypsin (α1-AT), 
indicating that membrane-associated NE would not be present within serum21. The body 
further protects itself against unwanted proteolytic activity of NSP via other NSP inhibi-
tors7,13. For example, plasma also contains high concentrations antichymotrypsin (ACT), 
and alpha-2-macroglobulin (A2M). Neutrophils and macrophages express serpin B1 in 
their cytoplasm and all granulocytes and epithelial cells express protease inhibitor 6 (PI-

A B

NE

PR3

CG

NSP4

Figure 3. Structural homology amongst the human neutrophil serine proteases. (A) Crystal structure of NE 
(PDB code 3Q76), displayed in blue, with the catalytic triad His-Asp-Ser in orange. (B) Structural overlay of 
the four human NSPs. All catalytic triads are depicted in orange. NE (PDB code 3Q76, in blue), PR3 (PDB code 
1FUJ, in pink), CG (PDB code 1CGH, in yellow), and NSP4 (PDB code 4Q7X, in green). 
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6), PI-9, secretory leukocyte protease inhibitor (SLPI), and elafi n7. 
The catalytic site of NSPs is formed by a charge-relay system of His-Asp-Ser, which 

is common to all chymotrypsin-like serine proteases7,22. These residues are interspersed 
in the primary sequence, but brought together in the tertiary protein structure7 (Fig. 3A). 
The primary sequences of the other NSPs are between 35 and 56 % identical to NE. Even 
though this results in very similar folding (Fig. 3B), these proteases display different 
substrate specifi cities22: NE and PR3 prefer to cleave directly after small, hydrophobic 
residues, like Val and Ala22; CG mainly prefers to cleave after large, hydrophobic resi-
dues, like Trp, Phe, and Tyr13,22; and NSP4 cleaves after the positively charged Arg, and 
post-translationally modifi ed Arg13,23. These differences in substrate specifi city ensure 
that, as a group, the NSPs have the ability to cleave a wide variety of substrates. This en-
ables NSPs to play important roles in all antibacterial functions of neutrophils. However, 
their broad substrate specifi city, the fact that they act at multiple locations (intracellular 
and extracellular), and the presence of various protease inhibitors, often complicate de-
tailed understanding of NSP contributions to anti-bacterial host defense.

STAPHYLOCOCCUS AUREUS
Staphylococcus aureus is a commensal, Gram-positive bacterium that harmlessly col-

onizes 20% of the population on the skin and in anterior nares. An additional 60% is 
intermittent carrier24. Even though harmless in itself, carriage is known to predispose 
to invasive infections, ranging from skin and soft-tissue infections to life-threatening 
pneumonia and sepsis25. Standard treatment occurs via surgical drainage and/or antibiot-
ic treatment, depending on the type of infection26,27. Unfortunately, antibiotic resistance 
is on the rise since the 1990s. And whereas these resistant strains used to occur mainly 
in health-care settings, currently also community-acquired strains become more preva-
lent25,28. Moreover, an effective vaccine is not available29. Together, these factors call for a 
better understanding of this pathogen so that new types of treatment might be developed.

Immune evasion
S. aureus is a master of immune evasion. This either promotes invasive infections, 

in which the immune response clearly cannot cope with the infection, or colonization, 
for which the local immune reactions have to be suppressed in order to prevent clear-
ance30. Staphylococcal immune evasion relies upon two dozen small, secreted proteins 
that, often redundantly, target all processes of the innate immune response31. Despite their 
wide array of immune targets, these proteins show remarkable resemblances. They can 
roughly be divided in three groups (Fig. 4A). (1) The superantigen-like folded proteins, 
which adopt a beta-grasp fold, wherein an alpha-helix diagonally spans a fi ve-stranded 
mixed-beta sheet. (2) The SCIN-like folded proteins, which consist of three alpha-helixes 
that roughly resemble the letter ‘N’. (3) The pore-forming toxins, which consist of mul-
tiple beta sheets, of which one can extend to form a part of a membrane pore. Multiple 
pore-forming toxins together form a pore that can lyse eukaryotic cells. Apparently, these 
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SSL7
TSST-1

Eap (domain 2)
EapH1
EapH2

SAK
CHIPS

Superantigen-like fold SCIN-like fold

SpA

Efb
Ecb
Sbi

SCIN-A

Pore-forming toxins

-hemolysin

LukH
LukS-PV
LukE

LukG
LukF-PV
LukD

B
domain 1

domain 4

domain 3

domain 2

A

mologue 1 (EapH1; PDB code 1YN4), EapH2 (PDB code 1YN5), staphylokinase (SAK; PDB code 1C76), che-
motaxis inhibitory protein of S. aureus (CHIPS; PDB code 1XEE) (top, left). SCIN-like folded proteins include 
extracellular fi brinogen-binding protein (Efb; PDB code 2GOM), extracellular complement-binding protein 
(Ecb; PDB code 2NOJ), S. aureus binder of IgG (Sbi; PDB code 2WY8), staphylococcal complement inhibitor 
(SCIN; PDB code 2QFF), and staphylococcal protein A (SpA; PDB code 1BDD) (top, right). The pore-forming 
toxins include α-hemolysin (PDB code 7AHL), leukocidin GH (LukGH; PDB code 4TW1), Panton-Valentine 
leukocydin, S-component (LukS-PV; PDB code 1T5R), LukE (PDB code 3ROH), LukF-PV (PDB code 1PVL), 
LukD (PDB code 4Q7G) (bottom). Note that the structures of α-hemolysin and LukGH depict the molecules 
in their pore-forming orientation, whereas the other molecules are depicted as in solution. (B) Model of Eap in 
solution, based on PDB code 1YN3 and the fi ndings by Hammel et al.39. 

Figure 4. Immune-evasion proteins of S. au-
reus. (A) S. aureus immune-evasion proteins 
can be divided in three different structural 
groups. Superantigen-like folded proteins in-
clude superantigen-like 7 (SSL7; PDB code 
1V1O), toxic-shock syndrome toxin 1 (TSST-1; 
PDB code 1AW7), extracellular adherence pro-
tein (Eap; domain 2, PDB code 1YN3), Eap-ho-
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are energetically-favorable folds that have been optimized during evolution to interact 
with the diverse array of immune proteins.

The targets of these immune-evasion proteins are for a large part to be found within 
the complement system and on immune cells. Within the complement system SSL10, 
SAK, SpA, and Sbi inhibit activation of the classical pathway; SCIN, SCIN-B/C, and Sbi 
inhibit C3 conversion; and Efb, Ecb, and SSL7 inhibit C5 conversion32. Examples of re-
ceptor-targeting immune-evasion molecules are CHIPS, which inhibits signaling via the 
C5aR; TSST-1 and other superantigens, that bind to the T-cell receptor to activate them 
without the need for a MHC-presented peptide; PVL, which targets the C5aR to form a 
pore in neutrophils; and LukED which targets multiple chymokine receptors to form a 
pore in a wide array of immune cells32–34. These individual proteins show that functional 
similarity not necessarily relies on structural similarity (e.g. although both are classical 
pathway inhibitors, SAK resembles superantigens, whereas Sbi resembles SCIN pro-
teins). Likewise, similarities in structure do not necessarily lead to similar functions (e.g. 
TSST-1 functions as a superantigen, whereas its structural homologue Eap does not35).

Some of these proteins have multiple immune-evasion functions. That is, SSL7 can 
bind both IgA to inhibit its signaling via the FcαR, and C5 to prevent complement ac-
tivation at this level36. Eap has been shown to inhibit both neutrophil recruitment and 
infl uence proliferation of peripheral blood mononuclear cells (PBMCs; consisting for 
50-70% of T cells)37,38. However, the exact protein targeted to mediate these phenom-
ena have not been identifi ed. Eap is particularly intriguing, since it expresses multiple 
 superantigen-like domains in a row (Fig. 4B)39, which might enable these multiple func-
tions to be captured in one protein.  

AIM OF THIS THESIS
In this thesis we aim to further unravel the intricate balance between S. aureus and the 

innate immune system. Since neutrophil serine proteases (NSPs) are believed to play a 
crucial role in immunity, but no staphylococcal coping mechanisms for NSPs are known, 
we here explore how S. aureus deals with these proteases. In the past, new immune-eva-
sion molecules have taught us much about S. aureus pathogenesis and the host immune 
response. Knowledge on both is required for adequate therapies against S. aureus, but 
might also increase our understanding of other immunopathologies.
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ABSTRACT
Neutrophils are indispensable for clearing infections with the prominent human 

pathogen Staphylococcus aureus. Here we report that S. aureus secretes a family of pro-
teins which potently inhibit the activity of neutrophil serine proteases (NSPs): neutrophil 
elastase (NE), proteinase 3 (PR3), and cathepsin G (CG). The NSPs, but not related serine 
proteases, are specifi cally blocked by the extracellular adherence protein (Eap) and the 
functionally orphan Eap-homologues EapH1 and EapH2, with inhibitory-constant values 
in the low-nanomolar range. This EAP family is essential for NSP inhibition by S. aureus 
in vitro and promote staphylococcal infection in vivo. The crystal structure of the EapH1/
NE complex showed that EAP molecules constitute a unique class of non-covalent prote-
ase inhibitors that occlude the catalytic cleft of NSPs. These fi ndings increase our insights 
into the complex pathogenesis of S. aureus infections and create opportunities to design 
novel treatment strategies for infl ammatory conditions related to excessive NSP activity.

SIGNIFICANCE STATEMENT
Neutrophils are among the fi rst immune cells to migrate to the site of infection and 

clear invading bacteria. They store large amounts of neutrophil serine proteases (NSPs) 
that play key roles in immune defense. Unfortunately, NSPs also contribute to tissue 
destruction in a variety of infl ammatory disorders. In this study we discover that the 
pathogenic bacterium Staphylococcus aureus secretes a family of highly potent and spe-
cifi c NSP inhibitors that promote the pathogenicity of this bacterium in vivo. From crys-
tallography experiments we conclude that these proteins constitute a unique class of NSP 
inhibitors, which can be used to design novel treatment strategies against excessive NSP 
activity. Furthermore, this study signifi cantly increases our understanding of the complex 
nature of S. aureus infections.



23

Staphylococcal EAPs inhibit  NSPs

2

INTRODUCTION
Infections with the human pathogen Staphylococcus aureus constitute a major risk to 

human health. Although this bacterium harmlessly colonizes over 30% of the population 
via the nose or skin, it causes severe morbidity and mortality upon invasion of deeper 
tissues1. To avert these serious infections, neutrophils play an indispensable role2. Neu-
trophil serine proteases (NSPs), including neutrophil elastase (NE), proteinase 3 (PR3), 
and cathepsin G (CG), are important for various neutrophil functions. Active NSPs are 
stored within the azurophilic granules3, but upon neutrophil activation they either enter 
the nucleus to regulate extracellular trap (NET) formation4, or they are released into the 
extracellular milieu to kill certain bacteria5, cleave bacterial virulence factors5,6 or regu-
late immune responses by cleaving chemokines and receptors7. Recently, a fourth neutro-
phil serine protease, denoted NSP4, was identifi ed8. 

Given the central role of NSPs in neutrophil function, we wondered whether S. aureus 
had evolved mechanisms to cope with NSPs. In this study we discover that S. aureus se-
cretes a family of proteins that specifi cally and potently block NSPs: Eap and the hitherto 
functional orphans Eap-homologue 1 (EapH1) and 2 (EapH2). Structural studies present-
ed here show that EAP molecules represent a unique class of non-covalent NSP inhibitors 
that is distinct from the well-known chelonianin class of inhibitors. These mechanistic 
insights can initiate development of novel, broad-range NSP inhibitors to be used in var-
ious infl ammatory conditions. Furthermore, these insights increase our understanding of 
the pathogenicity of S. aureus and underline the exceptional capability of this pathogen to 
adapt to its host by modulating the immune response.

 

RESULTS
Extracellular adherence proteins of S. aureus inhibit NE

To investigate whether S. aureus secretes inhibitors of NSPs, we incubated NE with 
concentrated culture supernatants of different S. aureus strains and quantifi ed residual NE 
activity toward a fl uorescent peptide substrate. Indeed, we found that NE was inhibited by 
supernatants of all tested S. aureus strains (Fig. 1A). Fractionation of the supernatant of 
S. aureus Newman by ion-exchange and size-exclusion chromatography yielded two pro-
tein bands that corresponded with the NE inhibitory activity. These bands were identifi ed 
by mass spectrometry as Eap and immunodominant surface antigen B (IsaB) (Fig. 1B). 
Further analysis revealed that Eap is the NE inhibitor, since NE activity was not affected 
by the presence of recombinant IsaB, but fully blocked by the presence of recombinant 
Eap (Fig. 1C). Eap is a 50-70 kDa protein that consists of multiple (most often 4 or 5) re-
petitive EAP domains (11 kDa). The short linkers between EAP domains are susceptible 
to proteolysis9, which likely explains why the band identifi ed as Eap was only around 25 
kDa (Fig. 1B). 

Eap has previously been reported to mediate bacterial agglutination, tissue adherence, 
and to block neutrophil migration. While all of these functions require multiple EAP 
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domains linked in succession10, we found that NE inhibition is mediated by individual 
EAP domains (Fig. S1). Each EAP domain is characterized by a beta-grasp fold wherein 
an alpha-helix is positioned diagonally across a fi ve-stranded, mixed beta-sheet11. This 
fold is also found in the two S. aureus proteins that are homologous to Eap but do not 
share the above described functions: EapH1 (12 kDa) and EapH2 (13 kDa)11. Likewise, 
we found that EapH1 and EapH2 also inhibit NE (Fig. 1C). NE inhibition is specifi c for 
the EAP family, since all other tested proteins of S. aureus could not inhibit NE (Fig. 1C), 
including molecules characterized by a similar beta-grasp-type fold as the EAPs (Fig. 1C 
gray bars)11,12. 

Extracellular adherence proteins specifi cally inhibit neutrophil serine proteases
NE belongs to the chymotrypsin family of serine proteases and its amino acid se-

quence is most similar to that of PR3 and CG (55% and 37% amino acid identity, re-
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Figure 1. Extracellular adherence protein (EAP) family of S. aureus inhibits NE activity. (A) Residual 
activity of 60 nM NE upon incubation with culture supernatants of multiple S. aureus strains. (B) Silver staining 
analysis of the fractions after gel fi ltration (left). The boxes mark the protein bands analyzed by mass spectrom-
etry and the numbers indicate the sizes of reference proteins (kDa). The identifi ed peptides are depicted next to 
the gel (right). (C) Residual activity of 60 nM NE upon incubation with 100 nM of the mass-spectrometry hits 
Eap and IsaB (striped bars) and other secreted proteins of S. aureus. Proteins containing a similar beta-grasp-
type fold as the EAPs are depicted in gray, and with an unrelated structure in black. CHIPS, chemotaxis inhib-
itory protein of S. aureus; SEA, staphylococcal enterotoxin A; TSST-1, toxic shock syndrome toxin-1; SSLs, 
staphylococcal superantigen-like proteins; FLIPr, formyl peptide receptor-like-1 inhibitory protein; Ecb, ex-
tracellular complement binding protein; Efb, extracellular fi brinogen binding protein; EsxA, ESAT-6 secretion 
system extracellular protein A; SCIN, staphylococcal complement inhibitor; SNase, S. aureus nuclease. Data 
are representative of two independent experiments (A and B) or represent the mean (± SD) of three independent 
experiments (C). See also Fig. S1.
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spectively). More distantly related chymotrypsin-like proteases include plasmin, plasma 
kallikrein, and thrombin. Of these six proteases, only the three NSPs appeared to be 
dose-dependently inhibited by the EAPs (Fig. 2A-F). 

Next we determined the inhibitory constant (Ki) values of each EAP versus the three 
NSPs and also measured the Ki values of the endogenous human NE/CG inhibitor SLPI 
(secreted leukocyte protease inhibitor) as a control. The Ki values observed for all EAP/
NSP combinations were in the low-nanomolar range, which is consistent with a very 
potent inhibition (Fig. 2G). They are also within the same order of magnitude as the Ki 
of SLPI for both NE and CG. Since previous work has reported a lower Ki for SLPI/NE 
and SLPI/CG (0.3 nM and 10 nM, respectively)13, our particular assay system may have 
even underestimated the inhibitory capacity of the EAPs. Importantly, the experimental-
ly-determined Ki values are all lower than the endogenous expression levels of the EAPs 
by S. aureus in culture (≈ 10 μg/ml or 200 nM)14, indicating that Eap inhibition of NSPs 
is physiologically relevant.
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Figure 2. Extracellular adherence proteins specifically inhibit NSPs. (A) Residual NE activity toward a 
fl uorescent-peptide substrate after incubation of 5 nM NE with variable concentrations of the three EAPs or 
CHIPS. (B-F) Residual activity of 10 nM PR3 (B), 15 nM CG (C), 10 nM plasmin (D), 1 nM plasma kallikrein 
(E), and 1 nM thrombin (F), determined as in (A), with substrates specifi c for each protease. (G) Ki values (nM) 
according to the competitive inhibition model. An accurate Ki could not be determined for EapH2/CG. ND, 
not determined. Data represent the mean (± SD) of three independent experiments (A-F) or represent the mean 
(95% CI) of at least three independent experiments (G). 
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EAPs are essential for NSP inhibition and promote staphylococcal infection
The genes for the EAPs lie interspersed throughout the genome and at least two out 

of three are present in all sequenced S. aureus strains. The eap gene is located upstream, 
and therefore outside, of the beta-hemolysin-converting prophage (phiNM3) that contains 
other immune-evasion proteins like SCIN (scn) and CHIPS (chp)15,16 (Fig. 3A). Neither 
eapH1, nor eapH2 lie in close proximity of phage-associated genes. Using sequential 
gene deletions by homologous recombination, we constructed a panel of three isogenic 
eap mutants in S. aureus strain Newman: Δeap, ΔeapΔH1 and ΔeapΔH1ΔH2 (eap-tri-
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Figure 3. EAPs are essential for NSP inhibition and promote 
staphylococcal infection. (A) Schematic overview of the genomic 
regions of S. aureus Newman in which eap (NWMN_1872), eapH1 
(NWMN_2109), and eapH2 (NWMN_0851) are located. The loca-
tion of the beta-hemolysin-converting phage is also indicated. (B) 
Residual activity of 5 nM NE (left), 10 nM PR3 (middle), and 15 nM 
CG (right) after incubation with culture supernatants of the isogenic 
mutants Δeap, ΔeapΔH1, ΔeapΔH1ΔH2 or the complemented strain 
ΔeapΔH1ΔH2 compl. Statistical signifi cance was addressed with an 
unpaired two-tailed t-test. (C) Residual activity of mouse NSPs after 
incubation with buffer, EAPs or CHIPS. (D) Murine intravenous in-
fection model in which mice were infected retro-orbitally with 1x107 

S. aureus Newman WT or isogenic eap mutants. Bacterial loads recovered from liver tissues 4 days post infec-
tion (n=8). Statistical signifi cance was addressed with a non-parametric Anova test. Data represent the mean 
(± SD) of three independent experiments (B-C) or horizontal bars indicate the median of all observations (D). 
See also Fig. S2.
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ple mutant). As a control, the eap-triple mutant was complemented with the individual 
genes integrated into their original genomic location (ΔeapΔH1ΔH2 compl.). All isogen-
ic strains showed comparable growth in vitro. When incubated with the individual NSPs, 
stationary-phase supernatant of the WT strain could fully inhibit all three proteases, but 
supernatant of the eap-triple mutant had almost entirely lost this capacity (Fig. 3B). The 
other mutants showed that Eap is essential for NE and CG inhibition, but that all EAPs to-
gether are required for inhibition of PR3. Supernatant of the complemented strain showed 
restored NSP inhibition to levels equivalent to WT supernatant (Fig. 3B). Although S. 
aureus was found to be resistant to direct killing by NE and CG in vitro17,18, we examined 
whether the absence of eap genes might make S. aureus more prone to direct killing by 
neutrophils in vitro. Although there was a tendency towards better killing of the eap-triple 
mutant compared to the WT strain, this difference was not signifi cant (Fig. S2). 

To study the role of the EAPs in vivo, we compared the pathogenicity of the eap-mu-
tant strains in a murine, liver-abscess model19, since the bacterial burden in the liver is 
known to be a reliable indicator of staphylococcal virulence20,21.  First, we confi rmed 
that the purifi ed EAPs also block murine NSPs in vitro (Fig. 3C). Then, we injected 1 x 
107 bacteria retro-orbitally and determined the bacterial loads in the liver tissue after 4 
days (Fig. 3D). The bacterial loads in the WT and Δeap-infected animals did not differ 
signifi cantly. However, the bacterial load in the eap-triple mutant infected mice was sig-
nifi cantly lower than in WT-infected animals, strongly suggesting that all EAPs together 
promote S. aureus virulence in vivo. 

EAPs occlude the catalytic site of NSPs
EAP domains inhibit NSPs via a low nanomolar-affi nity interaction, as determined 

by isothermal titration calorimetry (ITC) analysis of EapH1 binding to NE (Fig. S3). 
This complex was studied in greater detail by determining its co-crystal structure, which 
was refi ned to 1.85 Å limiting resolution (Fig. 4A and Table S1). The structure of this 
inhibitory complex revealed that bound EapH1 lies directly across the Asp117-His70-Ser202 

active-site triad of NE (Fig. 4B). Given the size of EapH1 and the highly complemen-
tary nature of the EapH1/NE interface (surface complementarity value of 0.77 22), such 
an arrangement would be expected to completely impede any protein or peptide-based 
substrates from accessing the NE active site. Importantly, this interaction is non-covalent 
since contiguous electron density is not visible between the catalytic Ser202 side chain of 
NE and any of the EapH1 residues in its vicinity (Fig. 4C). The absence of a covalent 
bond strongly suggests that EapH1, and likely all EAP domains, are mechanistically dis-
tinct from a majority of physiological NSP inhibitors (e.g. alpha-1-antitrypsin), which are 
conventional SERPINs7.

The EapH1/NE interface buries 830 Å2 of surface area and involves 22 of the 97 
EapH1 residues. A large majority of these interfacial residues (16 of 22) are found in two 
distinct regions of the EapH1 sequence, i.e. residues Val53-Tyr63 (hereafter denoted “site 
1”) and residues Ala86-Gly90 (hereafter denoted “site 2”), and they reside in close proxim-
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(B) Comparison of the EapH1/NE complex with NE where both components are shown as molecular surfaces. 
NE is shown in black with the location of its catalytic triad in orange, while EapH1 is colored as in (A), but 
depicted as a molecular surface. (C) 2Fo-Fc electron density map in the region of the NE catalytic site, contoured 
at 1.5 . The locations of the catalytic residue, Ser202, along with His60 (a component of the charge-relay system) 
from NE are marked, as is that of Leu59 from EapH1. Proteins are colored as in (A). (D) EapH1 colored as in 
(A), but depicted as a molecular surface (left) or as a cartoon (right, for reference). The image has been rotated 
clockwise in the plane of the page to emphasize the contiguous nature of the NE contact surface, comprised of 
both site 1 and site 2. (E) Comparison of the loop region comprising EapH1 site 1 in both the free (left) and NE-
bound (middle) states. The image at the right shows a superposition of this region, in both free and bound states. 
The locations of key residues are indicated. (F) Comparison of the EapH1/NE complex (left, for reference) with 
the SLPI/NE complex (right). Proteins are shown as ribbon diagrams with NE in black, EapH1 in cyan, and 
SLPI in gold. (G) Close-up view of the superposed NE catalytic site (orange sticks) in the presence of inhibitors 
EapH1 (cyan) and SLPI (gold). PDB deposition 2Z7F was used to render images of the NE/SLPI structure in 
panels (F) and (G). See also Fig. S3 and Table S1.

Figure 4. EAPs inhibit by non-covalently occluding the 
catalytic site of NSPs. (A) Ribbon diagram of the fi nal 
refi ned model for the EapH1/NE complex at 1.85 Å resolu-
tion. NE (black), with the position of its Ser-His-Asp cata-
lytic triad (orange sticks), in complex with EapH1 (cyan), 
with the position of its NE-contacting residues as either 
magenta sticks (for site 1) or purple sticks (for site 2). Cyan 
dotted line represents two residues, Pro67 and Glu68, that 
could not be accurately modeled due to poor map quality. 
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ity to one another in the EapH1 tertiary structure (Fig. 4D). While site 1 and site 2 appear 
to work in concert to form an unbroken, pentagon-shaped surface of EapH1 that interacts 
with NE, the contacts formed by site 1 (628 Å2) are signifi cantly more extensive than 
those formed by site 2 (176 Å2). Furthermore, the loop that comprises site 1 appears to 
undergo a substantial conformational rearrangement upon binding (Fig. 4E), as residues 
Ala58-Arg61 rotate nearly 180° in the plane of the prominent beta-sheet when compared 
to the unbound EapH1 structure11. Since this four-residue stretch contributes two of the 
three hydrogen bonds formed between site 1 and NE, and accounts for almost 70% of the 
site-1 buried surface area (427 Å2 of 628 Å2), EapH1 most likely depends on such confor-
mational change to tightly bind and inhibit NE.  

A critical structure/function role for loop regions has also been suggested for oth-
er high-affi nity protease inhibitors, most notably those of the chelonianin family that 
includes the endogenous, non-covalent NE inhibitors elafi n23 and SLPI24. Besides the 
insertion of an inhibitory loop region into the NE active site, however, the SLPI/NE com-
plex has little in common with the EapH1/NE complex (Fig. 4F). Furthermore, SLPI 
and EapH1 share no detectable sequence similarity, nor do the conformations of either 
inhibitor-derived loop in their NE-bound state share extensive structural identity with one 
another (Fig. 4G). Based on these sequence and structural differences, we propose that 
the EAPs constitute a unique class of NSP inhibitors, distinct from that of the well-known 
SERPINs or chelonianin class of inhibitors. 

DISCUSSION
Here we report that the human pathogen S. aureus secretes three proteins that form a 

unique group of NSP inhibitors. These EAPs are very potent, highly specifi c, and promote 
S. aureus pathogenesis. From previous studies it is clear that all three genes are expressed 
during S. aureus infections in vivo, both in mice and humans25,26. The fact that S. aureus 
evolved three specifi c NSP inhibitors strongly indicates that NSPs are critical to host 
defense against this bacterium. However, due to the manifold physiological substrates of 
NSPs, the exact function of NSPs in host clearance of S. aureus is currently unclear. It is 
likely that the interpretation of previous animal models trying to address this question5,18,27 
has been confounded by the endogenous production of EAPs. In the future, these con-
ceptual limitations can be overcome by employing the bacterial deletion mutants that are 
presented here. 

A key teleological issue remains as to why S. aureus inhibits NSPs by three distinct 
proteins. We speculate that the eap genes are most likely differentially expressed during 
an infection, creating a broader window of opportunity to block NSPs both at distinct sites 
of the body and times of infection. In fact, expression of both eap and eapH1 has been 
reported to be upregulated in presence of azurophilic-granule contents, whereas eapH2 
expression was not affected28. In many ways, this redundancy shows striking parallels 
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with the diverse array of complement-evasion proteins produced by the same organism29. 
The expression of multiple proteins with some level of functional redundancy may be a 
general principle that underlies S. aureus innate immune evasion, regardless of the spe-
cifi c host process that is targeted.

From a broader biological perspective, our work suggests that NSP inhibition by 
staphylococcal EAP domains has arisen through a distinct evolutionary trajectory from 
either the SERPIN or chelonianin-class inhibitors found in its human host. In contrast to 
the SERPINs, EAP domains do not form covalent complexes with their target(s), they 
do not appear to undergo large conformational changes at sites distal to their inhibitory 
loop, and they are relatively small (e.g. EAP domains are about one-fourth the molecular 
weight of the 44 kDa alpha-1-antitrypsin). Furthermore, while EAP domains are more 
similar in overall size to active fragments of the chelonianin-class inhibitors SLPI and 
elafi n (~6 kDa), their fold is entirely different and, importantly, the S. aureus molecules 
do not require disulfi de bonds to constrain their NSP-inhibitory loop into an active con-
formation. 

Despite the many naturally occurring NSP inhibitors found in the human body, NSPs 
are known to play a signifi cant role in tissue destruction in a variety of infl ammatory 
disorders like cystic fi brosis, chronic obstructive pulmonary disease, emphysema, and 
rheumatoid arthritis7. As a consequence, targeted NSP inhibition has been considered as a 
plausible treatment in these diseases. But even though substantial work has been done in 
this area, to date no drug has been registered that targets all NSPs7. Here we show that the 
EAPs have a high inhibitory potency and that, whereas many endogenous NSP inhibitors 
inhibit only two out of three NSPs, they inhibit all three NSPs. Therefore, EAPs might 
serve as a template for developing a novel class of synthetic NSP inhibitors. Although 
drug development is clearly a long-term goal, the results we present here have already 
increased our understanding of the complex nature of S. aureus infections by identifying 
an effective mechanism through which this devastating pathogen defends itself against 
human innate immunity. 
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MATERIAL AND METHODS
Screening for NE inhibition

S. aureus strains Newman, MW2, USA300 and Mu50 were cultured for 8 h in Icove’s Modifi ed Dulbecco’s 
Medium (Invitrogen). Culture supernatants were concentrated (100x) on a 3 kDa Amicon-Ultra spin column 
(Merck Millipore). Supernatants were incubated 1:1 with 120 nM NE (Elastin Products Company) in 1 mg/ml 
BSA-PBS for 60 min at 37 °C. Residual NE activity was determined by the conversion of 230 μM substrate 
(AAPV-AMC; Calbiochem) for 60 min and fl uorescence was measured in a Flexstation fl uorometer (Molecular 
Devices, LLC). AMC: excitation at 360 nm and emission at 460 nm. Final values are expressed as percentage 
of NE activity in this assay buffer.

Identifi cation of Eap
Supernatant of S. aureus Newman was cultured for 18 h in Todd Hewitt broth (THB) and fractionated by 

using the Äkta system and columns of GE Healthcare. All fractions were analyzed by 15% (wt/vol) SDS-PAGE 
and silver staining. Activity of the fractionated supernatant, and of the recombinant proteins (100 nM), was 
tested as during the screening. See Supplemental Materials and Methods for details.

Purifi ed S. aureus proteins
TSST-1 (Bioconnect), Protein A (Sigma) and SEA (Sigma) were obtained commercially. All other S. au-

reus proteins were produced recombinantly as His-tagged proteins in E. coli and purifi ed using nickel affi nity 
chromatography as described11,30–33.

Protease activity assays
NE (5 nM), PR3 (10 nM, Elastin Products Company), CG (15 nM, Biocentrum), thrombin (1 nM, Sigma), 

plasmin (10 nM, Sigma), or plasma kallikrein (1 nM, Innovative Research) were incubated with inhibitors 
or culture supernatants for 15 min at room temperature in PBS with 0.05% (vol/vol) Igepal-Ca63 (Sigma). 
Residual protease activity was measured with protease-specifi c substrates at 37 °C in a Fluostar Omega plate 
reader (BMG Labtech). Data points showing linear substrate conversion were used to determine relative pro-
tease activity. Thereafter, IC50 values were determined by plotting a sigmoidal curve without constraints, or the 
Ki was determined according to the competitive inhibitor model by plotting the protease activity in presence 
of multiple concentrations of the inhibitors Eap, EapH1, EapH2, or SLPI (R&D systems) against the multiple 
concentrations of substrate used (all with maximum substrate concentrations higher than the determined Km). A 
list of substrates is found in Table S2.

Generation of bacterial mutants
Markerless mutants of eap genes in S. aureus Newman were generated using the pKOR1 vector34 with 

minor modifi cations. We modifi ed pKOR1 by replacing the lambda recombination cassette and the cat (-) and 
ccdB genes with a conventional multiple cloning site (cloned in ApaI/KpnI, creating the new pKOR1-mcs 
vector). Subsequently, we ligated the 1000 bp regions immediately upstream and downstream of our gene of 
interest using PCR overlay and cloned this product into pKOR1-mcs in E. coli DC10B35. After electroporation 
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into S. aureus Newman, allelic replacement was induced by temperature shift34. The mutants were generated 
in a step-wise fashion: we fi rst deleted the eap gene (resulting in MR1811, or Δeap), then eapH1 (MR1852, or 
ΔeapΔH1) and subsequently eapH2 (MR1860, or ΔeapΔH1ΔH2). For complementation of the ΔeapΔH1ΔH2 
strain (MR1937, or ΔeapΔH1ΔH2 compl.), we also used the pKOR1 system but now cloned the upstream and 
downstream regions plus the gene of interest. Homologous recombination restored the presence of the eap 
genes at their original location. All mutants were verifi ed by DNA sequencing and production of secreted Eap 
was monitored by Western blotting. 

Activity of mouse NSPs in vitro
Mouse bone-marrow cells were isolated as described before36. Erythrocytes were lysed with ACK lysis 

buffer for 3 min at room temperature. The remaining cells were stimulated with 5 μg/ml cytochalasin B (Sigma) 
for 10 min at room temperature and degranulated with 1 μM fMLP (Sigma) for 15 min at 37 °C. The super-
natant was used as source of murine NSPs. Diluted supernatant (1:8 for NE, 1:16 for PR3, and 1:2 for CG) 
was incubated with 100 nM of each EAP, or CHIPS. The residual activity was determined with protease-spe-
cifi c substrates37. The relative mNSP activity was determined by using the slope of the linear part of the sub-
strate-conversion graph compared to this slope in absence of inhibitors. A list of substrates is found in Table S2.

Animal model
The liver abscess model was performed as described, with minor modifi cations19. Eight-week old female 

C57/BL6 mice (purchased from Charles River) were infected with 100 μl bacterial suspension (~1x107 CFU) 
via retro-orbital injection. Infected mice were treated with a daily dose of caprofen (5 mg/kg; Pfi zer), and 4 days 
post infection, mice were euthanized with pentobarbital (400 mg/kg; Merial GmbH, Hallbergmoos, Germany). 
Their livers were removed, homogenized in PBS, and viable bacteria therein were quantifi ed by serial dilution. 
The animal experiments were performed as required by the German regulations of the Society for Laboratory 
Animal Science (GV-SOLAS) and the European Health Law of the Federation of Laboratory Animal Science 
Associations (FELASA), and were approved by the local governmental animal care committee (33.9-42502-
04-38/2012).

Macromolecular Crystallography
Crystals of EapH1 bound to human NE were obtained from vapor diffusion of hanging drops at 20°C. A 

sample of the EapH1/NE complex was prepared by mixing a 1:1 molar ratio of each monomer, followed by 
centrifugal buffer exchange into 10 mM tris (pH 7.4), 50 mM NaCl and concentration to 5 mg/ml total protein 
(as judged by absorbance at 280 nM). Block-shaped crystals of various sizes appeared within one to three days 
and grew to their fi nal dimensions over the course of a week from drops consisting of 1 μl complex mixed with 1 
μl of reservoir buffer (0.1 M HEPES (pH 7.0), 1.0 M succinic acid, and 1% (w/v) polyethylene glycol-2000) that 
had been previously diluted with an equal volume of ddH2O, and that were equilibrated over 500 μl of reservoir 
buffer. Single crystals were harvested and fl ash cooled in liquid nitrogen following a brief soak in a cryopreser-
vation solution consisting of the reservoir buffer above supplemented with 20% (w/v) sucrose.

X-ray diffraction data were collected at 1.22 Å wavelength using beamline 22-ID of the Advanced Photon 
Source, Argonne National Laboratory. Diffraction data were indexed, integrated, and scaled using HKL2000. 
Crystals of EapH1/NE grew in the space group P61 and contained a single EapH1/NE complex in the asym-
metric unit. Structure solution and refi nement were carried out by individual programs as implemented within 
the PHENIX software package38. Initial phases were obtained by molecular replacement using single copies 
of NE (PDB code 1HNE39) and EapH1 (PDB code 1YN411) as sequential search models. The fi nal model was 
completed after iterative cycles of manual building in COOT40 followed by refi nement using PHENIX.REFINE. 
In the Ramachandran plot, 97% of the residues modeled occupied favored regions, while the remaining 3% 
occupied allowed regions. Refi ned coordinates and structure factors (code 4NZL) have been deposited in the 
Protein Data Bank, Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, 
NJ (http://www.rscb.org/). A more complete description of the crystal properties, diffraction data quality, and 
characteristics of the fi nal model may be found in Table S1.

Statistics
Statistical analyses were performed using GraphPad Prism 6.0. For determination of residual NSP activity 

in presence of various bacterial culture supernatants, normality was assumed and an unpaired, two-tailed Stu-
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dent’s t-test was used. Since the number of data points in the in vivo experiment did not allow for normality 
testing and we had to correct for multiple comparison, we used a Krusskal-Wallis test. p < 0.05 was assumed 
statistically signifi cant. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05.
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SUPPLEMENTAL INFORMATION
Supplemental Figures
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Figure S3. Isothermal titration calo-
rimetry analysis of EapH1 binding to 
NE. Characterization of NE binding to 
EapH1 by ITC. Thermogram obtained 
through the course of one injection se-
ries (top) and corresponding integrated 
enthalpy changes following background 
correction (bottom). The solid line in-
dicates the outcome of data fi tting ac-
cording to a single-site binding model. 
Derivation of the thermodynamic pa-
rameters for the EapH1/NE complex 
revealed a change in enthalpy (ΔH) of 
-11.2 ± 0.3 kcal/mol, a dissociation con-
stant (Kd) of 25 nM, and a stoichiometry 
value consistent with a 1:1 interaction 
(N = 1.2 ± 0.1). 

Figure S2. Neutrophil killing assay. 
Percentage of surviving bacteria com-
pared to growth controls. Serum-op-
sonized bacteria (5 x 104) were incu-
bated with 9 x 104 neutrophils. After 30 
min. the neutrophils were lysed and the 
surviving bacteria were enumerated by 
plating serial dilutions.
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Suplemental Tables
Table S1.  Data collection and refi nement statistics

EapH1/NE

Data collection

Space group P61

Cell dimensions

    a, b, c (Å) 94.95, 94.95, 84.16

 () 90, 90, 120

Resolution (Å) 50-1.85 (1.86-1.85)a

Rsym or Rmerge 13.6 (50.3)

I / I 24.2 (2.5)

Completeness (%) 99.6 (96.4)

Redundancy 9.4 (3.5)

aValues in parentheses are for highest-resolution shell.

Table S2. Substrates used to determine protease activity

Protease Substrate Company

NE AAPV-AMCa (50 M) Calbiochem

PR3 AAPV-AMCa (50 M) Calbiochem

CG AAPF-AMCa (500 M) Genecust, Luxembourg

thrombin VPR-AMCa (100 M) Chromogenix

plasmin VLK-pNAb (1 mM) Oxford Biomedical Research

plasma kallikrein PFR-pNAb (250 M) Bachem

mNE Abz-QPMAVVQSVPQ-EDDnpc (20 M) Genecust, Luxembourg

mPR3 Abz-VARCADYQ-EDDnpc (20 M) Genecust, Luxembourg

mCG Abz-EPFWEDQ-EDDnpc (20 M) Genecust, Luxembourg

a AMC substrates were measured with excitation at 360 nm and emission at 460 nm.
b pNA substrates were measured at OD 405 nm.
c Abz/EDDnp substrates were measured with excitation at 320 nm and emission at 420 nm4.
 

EapH1/NE

Refi nement

Resolution (Å) 49.35-1.85 (1.92-1.85)

No. refl ections 35,647

Rwork / Rfree 15.7 / 18.8

No. atoms

    Protein 2,402

    Ligand/ion 98

    Water 279

B-factors

    Protein 33.95

    Ligand/ion 36.73

    Water 67.67

R.m.s. deviations

    Bond lengths (Å) 0.014

    Bond angles (°) 1.47
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Suplemental Material and Methods
Culture supernatant fractionation

The culture supernatant was 3-times diluted in 50 mM sodium acetate pH 5.0, loaded on a HiTrap SP XL 
column and eluted with NaCl. All protein-containing fractions were then separated by a Mono S 5/50 GL col-
umn in fresh 50 mM sodium acetate pH 5.0 and eluted with a NaCl gradient. The NE-inhibiting fractions were 
subsequently fractionated with a MonoQ 5/50 GL column in 20 mM ethanolamine pH 10.0 and eluted with a 
NaCl gradient. The new NE-inhibiting fractions were applied to a Superdex 75 10/300 GL column in PBS and 
proteins were identifi ed by mass-spectrometry (LC-MS/MS).

Activity of individual EAP domains
Individual EAP domains were cloned and purifi ed as described before1. Their NE-inhibiting activity was 

tested as described under the subheading ‘protease activity assays’. 

Neutrophil killing assay
Serum and neutrophils were both isolated from blood drawn from healthy adult volunteers after obtaining 

informed consent. This protocol was approved by the medical-ethical committee of the UMC Utrecht (The 
Netherlands). Neutrophils were isolated from blood in heparinized vacutainers (Becton Dickinson) and pu-
rifi ed over a fi col/histopaque gradient as described previously2. Normal human serum (NHS) was isolated as 
described before3 and frozen at -80 °C until needed for further use. 

Over-night cultures of bacteria in THB were diluted 1:100 in fresh THB and grown to OD660 of 0.5. About 
106 bacteria (5 μl) were opsonized with 10% (vol/vol) NHS, diluted in RPMI-1640 (Invitrogen) supplemented 
with 0.05% (wt/vol) human serum albumin (HSA; Sanquin), for 15 min at 37 °C. Killing of 5 x 104 bacteria by 
9 x 104 neutrophils was allowed for 30 min in RPMI-HSA, while shaking at 37 °C. The killing was stopped by 
adding ice-cold water with 1% saponin to lyse the neutrophils. After 15 min incubation on ice, the surviving 
bacteria were enumerated by plating serial dilutions on THB-agar plates. 

Isothermal Titration Calorimetry 
ITC experiments were carried out using a VP-ITC instrument (MicroCal) at 25°C and a buffer system of 

20 mM tris (pH 8.0) with 200 mM NaCl. To study the interaction between NE and EapH1, 60 injections of 3 
μl of EapH1 (350 M) were titrated into 1.456 ml of NE (19.3 M). Each set of experiments was performed in 
triplicate and the fi nal values were derived from the average of all three runs per experiment. A single-site bind-
ing model was used to fi t the corrected binding isotherm and allowed derivation of thermodynamic parameters 
using the ORIGIN ITC software (OriginLab).
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ABSTRACT
Neutrophils are key players in innate immunity. Within their azurophilic granules, 

they store neutrophil serine proteases (NSPs) that have a multitude of functions within the 
immune system, ranging from bacterial killing to fi ne-tuning the immune response. How-
ever, when the immune system is imbalanced, these proteases can also mediate various 
detrimental effects as seen in infl ammatory lung diseases. The Gram-positive bacterium 
Staphylococcus aureus protects itself against NSPs by evolving potent inhibitors. These 
three extracellular adherence proteins (Eap of 50 kDa, EapH1 of 12 kDa, and EapH2 of 
13 kDa) are structural homologues that all contain one or more EAP domains. Recent 
structural studies indicated that these proteins form a unique class of NSP inhibitors that 
could potentially serve as templates to develop a novel class of therapeutic NSP inhibi-
tors. Here we further investigated the molecular mechanism of NSP inhibition by EAPs. 
Led by recent crystal structures and protein-alignment tools, we designed several protein 
mutants and pinpointed residues in EAPs important for NSP inhibition. Despite the struc-
tural homology amongst EAPs, our data indicate that EapH1 and EapH2 might inhibit 
NSPs via different mechanisms. Furthermore, we explored the range of host proteases 
that is inhibited by EAPs and determined that mast cell chymase is also targeted. Finally, 
we identify a molecule homologous to EAPs that lacks NSP inhibitory activity and could 
serve as a scaffold for future active-site analyses.
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INTRODUCTION
Neutrophils are of prime importance in fi ghting numerous bacterial infections. They 

are fi lled with granules that contain antimicrobial peptides and proteins. Their azuro-
philic granules contain the neutrophil serine proteases (NSPs), comprised of neutrophil 
elastase (NE), proteinase 3 (PR3), cathepsin G (CG), and neutrophil serine protease 4 
(NSP4). These play important roles in all aspects of neutrophilic antibacterial defense. 
Antibacterial defenses occur in both the extracellular and intracellular environments. For 
extracellular killing, neutrophils fi rst degranulate, whereby they release the antimicrobial 
contents of their granules into the extracellular space; or they form neutrophil extracellu-
lar traps (NETs), for which they release their DNA coated with granular contents into the 
extracellular space. For intracellular killing, neutrophils engulf bacteria into a phagosome 
to which they deliver their granular contents1. While these antimicrobial functions of 
NSPs are believed to contribute directly to the clearance of infections, it is now under-
stood that excessive NSP activity directly correlates with the severity of various infl am-
matory lung diseases, e.g. chronic obstructive pulmonary disease (COPD), cystic fi brosis 
(CF), and acute lung injury (ALI)2. In these diseases the infl amed lung tissue has attracted 
a storm of neutrophils, resulting in an uncontrolled release of NSPs via one of the above 
mechanisms. This creates a positive feed-back loop of proteolytic tissue destruction, in-
fl ammation, and increased neutrophil infl ux. Inhibition of excessive NSP activity has 
therefore been suggested as a promising treatment option in these diseases2.

We recently discovered that the opportunistic pathogen Staphylococcus aureus has 
evolved a family of NSP inhibitors, through which it protects itself against the activi-
ty of NSPs3. The staphylococcal NSP inhibitors include the multi-domain extracellular 
adherence protein (Eap), and the single-domain Eap homologues (EapH1 and EapH2). 
Functional studies have shown that all three EAPs can inhibit the best-described NSPs, 
i.e. NE, PR3, and CG, but not the more distantly-related serine proteases plasmin, throm-
bin, and plasma kallikrein3. Furthermore, structural studies based on a co-crystal structure 
of EapH1 bound to NE have shown that EAPs inhibit NSPs by binding non-covalently 
across the catalytic cleft of NSPs, thereby obstructing access for substrates3. This mech-
anism, and the specifi city for these three NSPs together, is unprecedented. However, the 
molecular details of this mechanism have not yet been fully elucidated. Here, we further 
explore the active sites of the EAPs and the range of serine proteases they can inhibit. 
This knowledge may help to improve the treatment of S. aureus infections, which is 
needed since the rise of antibiotic resistant strains. Furthermore, these studies provide 
additional information toward the design of new types of therapeutic protease inhibitors 
that may be useful in treating human infl ammatory diseases. 
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RESULTS
Mutating contacts within a EapH1/NE co-crystal

Recently, we determined a co-crystal structure of EapH1 bound to NE (Fig. 1A)3. 
This structure highlighted two regions within EapH1 that mediate binding to NE: Val53-
Tyr63 (Site 1) and Ala86-Gly90 (Site 2) (Fig. 1B-C). The most intimate contact seemed to 
be made by the middle part of Site 1 (Ile56-Arg61), as judged by its contribution to  the 
buried surface area at the EapH1/NE interface. To prove that these residues are crucial 
for the interaction with NE, we mutated these residues to Ala in both EapH1 and EapH2, 
yielding H1Δ56-61 and H2Δ56-61 respectively. (For simplicity, we will use the number-
ing of EapH1 throughout.) In addition, we mutated either the fi rst two or the last three 
of these residues in EapH1 to Ala (position 58 already is Ala), yielding H1Δ56-57 and 
H1Δ59-61 respectively (Fig. 1D-F). We measured the circular-dichroism (CD) spectra of 
all proteins to verify that the induced mutations did not cause complete loss of the tertiary 
structure. The pattern of the CD spectra of all mutants perfectly resembled that of their 
corresponding wild-type proteins, showing that all secondary structures were conserved 
(Fig. 1G-H). Then, we measured the activity of these mutant proteins in an NE activity 
assay using a fl uorescent peptide substrate. Surprisingly, the IC50 values of H1Δ56-61 and 
H2Δ56-61 were comparable to the IC50 values of the wild-type proteins (Fig. 1I-J). Also 
partial mutations of this region did not affect the inhibitory activity (Fig. 1I). Thus, these 
data indicate that the side chains of residues 56-61 of EapH1 and EapH2 are likely not 
essential for NE inhibition. Future studies should be directed at mutating the complete 
Site 1 (Val53-Tyr63) and Site 2.

Two potentially important regions in EapH1 and EapH2
In parallel to the co-crystallography, we analyzed the primary sequences of EapH1 

and EapH2 to determine which residues might be important for inhibiting NE. Taken into 
account that some residues will be conserved in order to preserve the beta-grasp fold, two 
regions were identifi ed that might be important for function: Arg89Glu94  Lys95 and Lys119-
Ile128. We mutated these residues of EapH1 into Ala, yielding the mutants H1Δ89,94-95 
and H1Δ119-128(AA), respectively. Since mutating ten consecutive residues might se-
verely affect protein folding, we also mutated the Lys119-Ile128 loop to alternating Gly-Ser 
residues, yielding H1Δ119-128(GS) (Fig. 2A, top; Fig. 2B). In addition, we mutated the 
corresponding residues in EapH2 (Fig. 2A, bottom; Fig. 2C). Then we measured the CD 
spectra of all generated mutants. Unfortunately, mutants H1Δ119-128(AA), H1Δ119-
128(GS), and H2Δ119-128(GS) differed from their corresponding wild-type protein, in-
dicating that these mutants affected the secondary structures within the protein mutants 
(Fig. 2D-E). Subsequently, we measured the effect of these mutants on NE activity. The 
results from the protein mutants with deviating CD spectra should be interpreted with 
caution. Nevertheless, the correctly-folded mutants showed surprising results, since NE 
inhibition was differently affected by H1Δ89,94-95 compared to H2Δ89,94-95. Com-
pared with EapH1-WT, the IC50 of H1Δ89,94-95 increased from 5.7 nM to over 1000 nM. 
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Figure 1. Mutations of co-crystal contacts. (A) Orientation of EapH1 (cyan; PDB code 1YN4), with Site 1  
(magenta) and Site 2 (purple) highlighted, when bound to NE (black; PDB code 3Q76), with its catalytic triad 
(orange) highlighted, for reference. This orientation is modeled to the co-crystal structure of EapH1/NE (PDB 
code 4NZL)3. (B) Two different regions in the primary sequence of EapH1 (Site 1 and Site 2) come together 
to form the surface that interacts with NE. Site 1 (magenta) and Site 2 (purple) are highlighted. (C) Primary 
structure of EapH1, with the NE-interacting Site 1 and Site 2 highlighted in gray. (D) Schematic representation 
of protein mutants made in EapH1 and EapH2. “A” indicates that this residue has been mutated to Ala. “.” 
indicates that this is the same residue as in the WT protein. Site 1 and Site 2 in EapH1 are highlighted in gray. 
(E-F) Crystal structure of EapH1 (cyan; PDB code 1YN4) (E) and EapH2 (yellow; PDB code 1YN5) (F), with 
mutated residues highlighted in blue, red, or green. Colors correspond to (I) and (J). (G-H) CD spectra of all 
generated mutants. The molar ellipticity under 200  was less-accurately determined. Colors correspond to (I) 
and (J). (I-J) Residual NE activity in presence of mutated EapH1 (I) or EapH2 (J). Calculated IC50 values are 
indicated on the right of the graphs. 
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Figure 2. Two differentially important regions in EapH1 and EapH2. (A) Schematic representation of pro-
tein mutants made in EapH1 (top) and EapH2 (bottom). “A”, “G”, or “S” indicate to what residues the original 
residues have been changed; “.” indicates that this is the same residue as in the WT protein. Site 1 and Site 2 in 
EapH1 are highlighted in gray. The numbers indicate the position of important residues. (B-C) Crystal structures 
of EapH1 (PDB code 1YN4) (B) and EapH2 (PBD code 1YN5) (C) with mutated residues in blue and red. 
Colors correspond to (F) and (G). (D-E) CD spectra of all generated mutants. The molar ellipticity under 200 
was less-accurately determined. Colors correspond to (F) and (G). (F-G) Residual NE activity in presence of 
mutated EapH1 (F) or EapH2 (G). Filled symbols represent mutants of which the CD spectra corresponded to 
the spectrum of the wild-type protein. Clear symbols represent mutants with deviating CD spectra, based on (D) 
and (E). Calculated IC50 values are indicated on the right of the graphs. 

Figure 3. SAV1937 as scaffold for active-site studies. (A) Model of Eap in solution, based on PDB code 
1YN3 and the fi ndings by Hammel et al.24. (B) Schematic overview of the EAPs (Eap, EapH1, and EapH2) 
and the homologous sequence (SAV1937) in the genome of S. aureus. (C) Predicted structure of SAV1937, 
generated with the SWISS-MODEL server, using the Eap-D2 crystal structure (1YN3) as template. (D) 
Alignment of the crystal structures of the EAPs (EapH1, PDB code 1YN3; EapH2, PDB code 1YN5; and 
Eap-D2, PDB code 1YN3) and the predicted structure of SAV1937. Colors are inset (left). EapH1, with Site 
1 and Site 2 highlighted as in Fig. 1 for reference (right). (E) Residual NE activity in presence of EapH1, 
or SAV1937. (F) Alignment of the primary structure of the EAPs (EapH1, EapH2, and individual do-
mains of Eap (D1, D2, D3, and D4)) with SAV1937. Site 1 and Site 2 in EapH1 are highlighted in gray. 
“EAPs” summarizes the similarity of residues amongst the EAPs and “All” summarizes the similarity of 
residues amongst all aligned proteins. (*) fully identical residues, (:) residues with strongly similar proper-
ties, (.) residues with weakly similar properties (as defi ned on the ClustalOmega server). Residues possibly 
important for NE inhibition are indicated in red. The numbers indicate the position of interesting residues. 
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However, compared with WT-EapH2, the IC50 of H2Δ89,94-95 barely increased (from 
6.3 nM to 6.4 nM) (Fig. 2F-G, red lines). The results for the EapH1 mutant are coherent 
with the co-crystal structure, since the mutated residues partially overlap with Site 2. 
However, the results of H2Δ89,94-95 imply that this region is not required for inhibition 
by EapH2. Moreover, the IC50 of H2Δ119-128(AA) increased from 6.3 nM to over 1000 
nM, compared to EapH2-WT (Fig. 2G, dark blue line). This implies that the Lys119-Ile128 
loop is important for NE inhibition by EapH2, even though in the EapH1/NE co-crystal 
structure this loop was positioned opposite of the EapH1/NE interface. All together, these 
results suggest that EapH1 and EapH2 employ two different mechanisms to inhibit NE, 
where inhibition would be mediated by Arg89Glu94  Lys95 in EapH1, and by Lys119-Ile128 in 
EapH2. 
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visualize all interesting residues (right).
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SAV1937 as scaffold for active-site studies
Whereas EapH1 and EapH2 are single-domain proteins, Eap consists of multiple EAP 

domains, attached to each other via a fl exible peptide (Fig. 3A). The individual domains 
of Eap show about 55% sequence homology amongst each other, and are all potent NSP 
inhibitors on their own3. EapH1 and EapH2 are on average 30% and 40% homologous to 
these domains, respectively. In addition to these three EAPs, S. aureus encodes another 
homologous DNA sequence directly downstream of Eap (SAV1937, 12 kDa) (Fig. 3B). 
These nucleotides might be part of the larger Eap protein4. They are unlikely to encode for 
a fourth individual protein, since they do not encode a signal peptide, which is encoded by 
the other EAPs. SAV1937 is on average 30% homologous to the domains within Eap, cor-
responding to the level of homology seen for EapH1. Using the SWISS-MODEL server, 
SAV1937 was predicted to fold as an EAP domain (Fig. 3C), where the crystal structure 
of domain 2 of Eap (Eap-D2) served as the scaffold to model the folding of SAV1937 
on. A structural overlay of the empirically-determined structures of EapH1, EapH2, and 
Eap-D2 and the predicted structure of SAV1937 showed the striking level of similarity 
between the folding of these proteins (Fig. 3D). We recombinantly expressed and purifi ed 
SAV1937 in order to gain insight into its potential function. To our surprise, it did not 
inhibit NE and other tested NSPs (Fig. 3E), not even at high concentrations. This indi-
cated that we could use this protein to further analyze potential important NSP inhibitory 
residues in EAPs. We compared the amino-acid sequence of SAV1937 with the sequences 
of the six EAP domains that inhibit NE (i.e. Eap-D1, Eap-D2, Eap-D3, Eap-D4, EapH1, 
EapH2). We hypothesized that residues similar within the six EAP domains, but deviating 
in SAV1937, might contribute to NSP inhibition. Eight residues matched these criteria 
(Fig. 3F). They are dispersed in the primary structure, but some group together in the ter-
tiary structure. Most notable are residues Lys55 and Gln89 that lie within Site 1 and Site 2, 
indicated to be important for contact with NE by the co-crystal structure. In addition, Ile74, 
Asp124and Arg126 seem to come together in the tertiary structure. The latter two residues 
belong to the loop Lys119-Ile128, which seemed important for activity of EapH2 (as judged 
from the results with the H2Δ119-128(AA) mutant). The absolute importance of these 
residues for NE inhibition is still to be determined empirically, which is now possible by 
swapping residues from EapH1 with SAV1937 and vice versa. 

Exploring therapeutic inhibitors deducted from EAPs
The mechanism by which the EAP family inhibits NSPs might be translated into the 

clinic by developing therapeutic NSP inhibitors. Due to high levels of antibodies against 
all staphylococcal evasion proteins in human serum, EAPs are likely too immunogenic 
to be used directly as therapeutics. One approach to circumvent this problem is to iden-
tify a minimal inhibitory sequence within EAPs that retains NSP inhibitory properties. 
Therefore, we generated a set of peptides that mimic the active sites deduced from the 
co-crystal structure (Fig. 4A-B) and measured their capacity to inhibit NE activity. The 
fi rst set of peptides represents Site 1 in EapH1 (i.e. GITALHRTY) and in EapH2 (i.e. 
GIMAFNQSY). While the EapH1-derived sequence had no detectable activity (its IC50 
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was at least 105-fold higher than that of EapH1), the peptide from EapH2 seemed to in-
hibit NE, albeit at IC50 values more than 103 fold higher than intact EapH1 (Fig. 4C). In 
a second approach, we extended the length of the peptide from EapH1 by two residues 
(i.e. to VDGITALHRTY) and synthesized a peptide deducted from active Site 2 (i.e. 
ASQRG). The extended peptide based on Site 1 had an increased activity of about 30 
fold (IC50 of 70 μM), but still was not much more potent than the control peptides, while 
the peptide based on Site 2 did not inhibit NE at all (IC50 > 1000 μM) (Fig. 4D). Neither 
did these peptides have a synergistic effect, since equimolar addition of both peptides 
together did not increase the potency of the Site-1-peptide alone (data not shown). Since 
both sites adopt a three-dimensional structure whilst in the context of EapH1, a third set 
of peptides was produced that had a more rigid structure. These included a circularized 
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Figure 4. Peptides based on the co-crystal structure of EapH1/NE. (A) Position of the generated peptides 
within EapH1 and EapH2, corresponding to Site 1 and Site 2. (B) Chemical structures of the circularized peptide 
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peptide of Site 2, and both peptides coupled to each other via a variable linker (both short 
and long) (Fig. 4B). Unfortunately, neither approach decreased the IC50 values compared 
to the IC50 values of the corresponding linear peptides (Fig. 4E). Even though the co-crys-
tal provided insights into the mechanism of inhibition, these peptides cannot yet confi rm 
that fi nding. Most likely, the three-dimensional orientation of these peptides differs from 
their structure within the EapH1 protein. This emphasizes the need to fi rst conduct addi-
tional site-directed mutagenesis studies to decipher the required spatial orientation more 
precisely.

Specifi city of EAPs extends to mast-cell chymase
Previous studies have established that all EAPs inhibit the NSPs NE, PR3, and CG. 

The related serine proteases thrombin, plasmin, and plasma kallikrein were not inhibited 
by EAPs3. In order to more precisely analyze the specifi city of the EAPs, we examined 
the phylogeny of all human members from the MEROPS S1A class of chymotrypsin-like 
proteases5, based on the amino-acid sequence of their protease domain (Fig. S1). To in-
crease clarity, a phylogenetic tree including only important immune proteases was also 
generated (Fig. 5A). In this phylogenetic tree two NSPs (NE, PR3) are closely related, 
whereas the two others (CG, NSP4) are more distantly related. The non-neutrophil prote-
ases that cluster most closely to the classical NSPs are mast cell chymase and the family 
of granzymes (Fig. 5A). We tested the effect of EAPs on two of the interesting proteases: 
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NSP4 and mast-cell chymase. Mast-cell chymase was inhibited by all three EAPs (Fig. 
5B), and the potency of its inhibition was comparable to the inhibition of CG3. On the 
other hand, NSP4 was only inhibited by Eap, and not by EapH1 or EapH2 (Fig. 5C). This 
is the fi rst serine protease known to be inhibited by only a subset of EAPs. The reason for 
the observed difference amongst the EAPs might be the slightly different amino acid se-
quence of the individual domains of Eap compared to EapH1 and EapH2 (only maximal 
40% conserved), or by a mechanism in which two domains collaborate to inhibit NSP4. 
In any case, for both chymase and NSP4 the inhibition pattern nicely refl ects the distances 
in the phylogenetic tree. 

DISCUSSION
In this paper we analyzed the molecular mechanism of NE inhibition by EapH1 and 

EapH2. A co-crystal structure of EapH1 bound to NE indicated some important resi-
dues. Mutating a part of these interacting residues did not signifi cantly decrease the in-
hibitory potency of the EAPs. This suggests that probably all interacting residues are 
required to inhibit NE. Future mutagenesis studies will be performed to validate this. 
Since EapH1 and EapH2 have highly similar tertiary structures, we expected them to 
adopt similar orientations towards NE during inhibition. Interestingly, results of another 
set of protein mutants suggest that EapH1 and EapH2 employ different mechanisms to 
inhibit NE: whereas mutating Arg89Glu94  Lys95 affected the activity of EapH1, mutating 
the loop Lys119-Ile128 affected activity of EapH2. Seen in the light of the co-crystal struc-
ture, Arg89Glu94  Lys95 partly forms active Site 2, which could indeed account for the loss 
of inhibition by EapH1. However, Lys119-Ile128 is positioned on the opposite site of EapH1 
in the co-crystal structure, making it unlikely to affect EapH1 activity. Nevertheless, this 
loop appeared important in the activity of EapH2. It is clear that further studies are re-
quired to disclose whether EapH1 and EapH2 indeed bind their NSP targets in different 
orientations. In addition, since the EAPs seem to employ different mechanism to inhibit 
NE, we should also consider the possibility that different mechanisms apply to the in-
dividual NSPs. Answering both questions could now be facilitated by exchanging resi-
dues between the non-inhibiting SAV1937 and EapH1 or EapH2. Only by elucidating the 
mechanism of inhibition, molecules could be developed to disrupt the binding of EAPs to 
NSPs. This might ultimately lead to therapies for S. aureus infection in which EAPs no 
longer inhibit NSP, leaving the host immune system better equipped to clear the infection.

In order to develop clinical NSP inhibitors based on the non-covalent EAP./.NSP in-
teraction, knowledge about the minimal inhibitory sequence necessary to recapitulate this 
mechanism is needed. Furthermore, to diminish side effects, a full understanding of the 
range of inhibited proteases is required. In this paper we showed that, in addition to NE, 
PR3, and CG, also mast-cell chymase is inhibited by EAPs. Whereas these proteases are 
named after the cell type in which they are primarily expressed (i.e. neutrophils or mast 
cells), the proteases themselves are very similar in terms of both their primary and tertiary 
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structures. Moreover, chymase is encoded by the same gene cluster as CG on chromo-
some 14. Since this gene cluster also encodes granzymes B and H, which are structurally 
related to the NSPs and chymase, these proteases might also be inhibited by the EAPs. 

Whether S. aureus would benefi t from inhibiting mast-cell chymase or granzymes 
is unclear. In general, the role of mast cells during S. aureus infection is still debated. 
In vitro, mast-cell extracellular traps (MCETs) entrap S. aureus6. In vivo, mast cells are 
invaded by S. aureus to promote secondary infections6. However, another recent study 
described that although S. aureus infl uences gene expression in mast cells, mice lacking 
mast cells did not increasingly suffer from S. aureus7. Therefore, also the importance of 
mast-cell chymase in S. aureus infection is unclear. In addition, granzymes are classical-
ly known for their joint effort with perforin to induce apoptosis in virus-infected cells8. 
Lately, evidence accumulates that extracellular granzymes might contribute to immuni-
ty by other means, like degrading extracellular matrix proteins to promote immune-cell 
migration9. Moreover, elevated levels of extracellular granzymes were measured during 
Gram-negative sepsis, hinting towards a role during antibacterial defenses10. However, 
the mechanisms have not yet been identifi ed.

On the contrary, NSP4 was only inhibited by Eap and not by EapH1 or EapH2. If this 
would be caused by the differences in primary structure of the domains within Eap com-
pared to EapH1 or EapH2, recombinant forms of the single domains from Eap should also 
inhibit NSP4. If not, two domains within Eap might collaborate to inhibit NSP4, in which 
one could bind NSP4 so that the second could inhibit NSP4. The discrepancy between 
inhibition of NSP4 and inhibition of the other NSPs is refl ected in the differences of 
their catalytic site regarding three-dimensional properties11. Since the co-crystal structure 
showed that EapH1 inhibits NE by binding in front of the catalytic cleft, the differences in 
the catalytic site could cause the different susceptibility to inhibitors. This, together with 
the relatively large differences in their primary structures as refl ected in the phylogenetic 
tree, makes it plausible that NSP4 is not as potently inhibited by the EAPs as the other 
NSPs. The fi nding that NSP4 is less-potently inhibited by EAPs might suggest that it is 
not crucial in host defense against S. aureus. 

Altogether, this study provides initial clues into the molecular mechanism by which 
EAPs inhibit NSPs. It brought about the fi rst suggestions that the functionally and struc-
turally-related proteins EapH1 and EapH2 exhibit different mechanism to achieve their 
inhibition of NSPs. If so, activity of the other NSPs should defi nitely be examined too 
with the various protein mutants to determine whether we righteously used NE as a model 
for all NSPs. Although this study provides the basis, many avenues still have to be ex-
plored to ultimately turn these EAPs into therapies against staphylococcal infections or 
infl ammatory diseases characterized by excessive NSP activity. 
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MATERIAL AND METHODS
Constructing EapH1 and EapH2 mutants

The expression vector encoding wild-type EapH1 and EapH2 served as basis for the mutant proteins. Mu-
tations were introduced by overhang-extension PCRs and standard cloning techniques as described before12. 
Introduced mutations were confi rmed by sequencing. All EAPs (wild-type and mutants) were expressed with a 
His-tag as described before3. 

Measuring CD spectra
Samples of purifi ed proteins in PBS (pH 7.4) were passed through a 0.45 μm fi lter prior to analysis, and 

diluted to a fi nal concentration where OD280nm was in a linear range (OD280 of 0.37 for EapH1, and OD280 of 0.40 
for EapH2). CD-spectra (260-190 nm) were measured in scanning mode using a Jasco J-815 spectropolarimeter, 
using a 1 nm bandwidth at a speed of 50 nm/min for a total of 5 replicates. Spectra were averaged prior to math-
ematical smoothing, using software provided by the manufacturer. Since the spectra were not run on degassed 
samples, nor under a vacuum, the data of  < 200 nm should be considered unreliable.

Constructing peptides
The fi rst set of peptides (Fig. 4C) was ordered at GenScript (NJ, USA) with >95% purity. The peptide from 

EapH1 (GITALHRTY) was dissolved in double-distilled water (ddH2O). The peptide from EapH2 (GIMAF-
NQSY) unfortunately had to be dissolved in the presence of dimethylforamide (DMF). Neat DMF was added 
dropwise to the peptide in ddH2O until the solution clarifi ed. The fi nal concentration was ~50% DMF in ddH2O. 
Activity of NE in presence of the latter peptide was calculated relatively to the activity of NE without peptide 
in the corresponding concentration DMF. 

The second set of peptides (Fig. 4D) was assembled by solid-phase peptide synthesis on a CS336X peptide 
synthesizer (CS Bio Company Inc.) using the manufacturer’s protocols employing Fmoc-amino acid deriva-
tives. As a coupling reagent a 1:1 mixture of HBTU/HOBt was used. The third set of peptides (Fig. 4E) was 
assembled in the same manner, but with C-terminal and N-terminal cysteine residues. For these peptides TFA/
H2O/TIS/EDT (90:5:2.5:2.5, v/v/v/v) was used as coupling reagent. The ASQRG-peptide was cyclized using 
1,3-Bis(bromomethylene)benzene. The VDGITALHRTY and ASQRG peptides were linked together using 
oligo-ethylene-glycol linkers of different lengths. After completion of their synthesis, all fi ve peptides were 
cleaved from the polystyrene Rink Amide AM resin and simultaneously deprotected using a mixture of TFA/
TIS/H2O (95:2.5:2.5, v/v/v). The peptide constructs were purifi ed on a Phenomenex Gemini C18 column (110 
Å, 10 μm, 250×22 mm) using an Angilent 1260 infi nity preparative HPLC. Purity was established using a Shi-
madzu analytical HPLC (UV-detector operating at 214 and 254 nm) equipped with a Phenomenex Gemini C18 
column (110 Å, 5 μm, 250×4.60 mm) column and was >95%. ESI-MS on a Shimadzu 2010EV apparatus was 
used for characterization. All these peptides were dissolved in ddH2O.

The sequences of the used control peptides were: FTFEPFPTNEE (control peptide A), FTFEP (control 
peptide B), FTFEPFPTNEEIESNK (control peptide C), and FTFEPFPTNEEIESNKKM (control peptide D). 
These peptides were generated as described before13. 

Modeling overlays
Protein crystal structures were visualized in PyMOL (DeLano Scientifi c LLC). The structure prediction of 

SAV1937 was carried out in SWISS-MODEL14–16. Sequence alignments were obtained by Clustal Omega17–19. 

Phylogenetic tree
Human serine proteases from the S1A clade of proteases were selected from the MEROPS database5. The 
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proteins were aligned by sequence using Clustal Omega to determine the protease domains (based on the se-
quence of NE, from Ile30 to end). The phylogenetic tree of serine proteases was build using these protease-do-
main sequences in Clustal Omega20–22 and visualized using Evolview23.

NE activity
To determine NE inhibition by proteins, NE activity was measured in a total volume of 100 μl Dulbecco’s 

phosphate-buffered saline (PBS) with 0.05% Igepal-CA63 (Sigma). Final concentrations were 5 nM NE (Elas-
tin products company; EPC), indicated concentrations of Eap proteins, and 50 μM substrate (AAPV-AMC, 
Sigma). The inhibitory capacity of peptides was assessed in the same assay, but the fi nal buffer was 0.5 x PBS 
with 0.05% Igepal-Ca63. Control peptides were included to estimate the random effect of adding peptides to the 
NE activity assay. These were as closely matched in size to the tested peptides as possible. Fluorescence was 
measured in a FluoStar Omega with excitation at 360 nm and emission at 460 nm. IC50 values were calculated 
in GraphPad Prism 6.0 by plotting a curve-fi t model with restrictions to maximum (100%) and minimum (0%). 
The IC50 values for the peptides were estimated, since too little data was available for proper calculations. 

Chymase activity 
Activity of indicated concentrations EAPs was tested as described for NE, with fi nal concentrations of 6.3 

nM chymase (Sigma-Aldrich) and 500 μM substrate (AAPF-AMC, Genecust, Luxembourg). 

NSP4 activity
NSP4 and its substrate were a kind gift of professor Dieter Jenne. Activity of indicated concentrations of 

EAPs was tested in 100 μl, with fi nal concentrations of 10 nM NSP4, and 5 μM substrate (Mca-GIKPRSRP-Ly-
s(Dnp)-rr (r = D-Arg)). Assay buffer was Tris-buffered saline (TBS; 20 mM Tris with 150 mM NaCl, pH7.5) 
with 0.05 % Igepal-Ca63, or PBS with 0.05 % Igepal-Ca63. Fluorescence was measured in a FluoStar Omega 
with excitation at 320 nm and emission at 420 nm.
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Figure S1. Phylogenetic tree of all human proteases of the MEROPS class of serine proteases (S1A), 
based on their protease domains. Overview of the complete tree, with the three clades (A-B-C) indicated (left) 
and the proteases that belong to these tree clades (right). Gray, immune proteases included in the more concise 
phylogenetic tree of Fig. 6A. 
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ABSTRACT
Neutrophils store large quantities of neutrophil serine proteases (NSPs) that contribute 

to antibacterial immune defenses. Even though neutrophils are indispensable in fi ghting 
Staphylococcus aureus infections, the importance of these NSPs in anti-staphylococcal 
defense is yet unknown. We recently discovered that S. aureus produces three highly spe-
cifi c inhibitors for NSPs (the extracellular adherence proteins (EAPs): Eap, EapH1 and 
EapH2), emphasizing the importance of NSPs in staphylococcal defense. In this study we 
demonstrate that NSPs can functionally inactivate secreted virulence factors of S. aureus. 
In return, S. aureus uses its EAPs to effectively protect other secreted proteins from NSP 
degradation. Specifi cally, we fi nd that a large group of S. aureus immune-evasion proteins 
is vulnerable to proteolytic inactivation by neutrophil elastase and/or cathepsin G in vitro. 
Interestingly, proteins with similar immune-escape functions appeared to have differen-
tial cleavage sensitivity towards NSPs. By using targeted eap mutants of S. aureus, we 
found that the secreted virulence factors are also degraded in vivo. Eap-dependent pro-
tection against NSP cleavage was demonstrated both in complex bacterial supernatants 
in vitro and during an infection in vivo. These fi ndings show that NSPs target S. aureus 
during infection and can explain why this role of NSPs was masked in previous studies. 
Furthermore, these studies indicate that therapeutic inactivation of EAPs can help to re-
store the natural host immune defenses against S. aureus.

AUTHOR SUMMARY
Staphylococcus aureus infections form an increasing problem in healthcare settings 

and the community. The emergence of multi-resistant strains and failure of current vacci-
nation trials, calls for new angles of therapeutic development. The success of this bacte-
rial pathogen highly depends on its large array of virulence factors that enable it to cause 
disease in the human host. Whereas it is long known that neutrophils are essential for 
fi ghting staphylococcal infections, the role of their neutrophil serine proteases (NSPs) 
was believed to be trivial. Nevertheless, S. aureus does secrete a family of extracellular 
adherence proteins (EAPs) that are potent NSP inhibitors. Here we describe that NSPs 
are defi nitely important in fi ghting S. aureus infections, since they can degrade and inac-
tivate many secreted S. aureus virulence factors. At the same time, however, S. aureus has 
evolved the EAPs to protect its virulence factors from NSP degradation. Therefore, any 
new therapeutic strategy would likely be more effective if the EAPs are inactivated, so 
that the other staphylococcal virulence factors can be dismantled by the immune system 
itself.
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INTRODUCTION
Staphylococcus aureus is an opportunistic pathogen that constitutes a major risk to 

human health, especially due to the growing prevalence of antibiotic resistant strains1. 
This Gram-positive bacterium harmlessly colonizes over 30% of the population in the 
anterior nares or on the skin. Nevertheless, when the mechanical barriers of the immune 
system are breached, it can invade deeper tissues and cause severe diseases such as endo-
carditis, pneumonia and sepsis2. Bacterial clearance requires an effi cient innate immune 
response in which the neutrophil population is of utmost importance3. Neutrophils kill 
bacteria via multiple mechanisms that can be divided in intracellular and extracellular 
killing. Intracellular killing occurs after the neutrophil engulfed the bacterium via phago-
cytosis. Extracellular killing occurs after bacterial entrapment in neutrophil extracellular 
traps (NETs) (which consist of DNA decorated with granular contents) or after degranu-
lation that results in the extracellular release of the granular contents. Within the azuro-
philic granules, neutrophils store large quantities of active neutrophil serine proteases 
(NSPs): neutrophil elastase (NE), cathepsin G (CG), proteinase 3 (PR3), and NSP44,5. 
Each protease displays its own substrate specifi city, and together they target a wide range 
of proteins, varying from host-immune factors to bacterial proteins. Despite the large 
body of evidence describing the antimicrobial nature of NSPs6–8, the exact role of these 
proteases in the defense against S. aureus infections is still ambiguous9,10. 

Interestingly, we recently reported that S. aureus evolved mechanisms to specifi cal-
ly counteract NSPs11. We discovered that the family of extracellular adherence proteins 
(Eap, and its two structural homologues EapH1 and EapH2) are highly specifi c NSP 
inhibitors that potently block NE, CG and PR311. Structural studies demonstrated that 
EAPs bind the catalytic cleft of NSPs and thereby prevent accessibility for substrates11. In 
an infection model these three proteins together proved to be important for bacterial viru-
lence. The fact that S. aureus evolved these NSP inhibitors suggests importance of NSPs 
in the defense against S. aureus. Moreover, the expression of these inhibitors might have 
complicated previous studies trying to address the role of NSPs in defense against S. au-
reus. Using S. aureus mutants that lack EAPs, we can now study the role of NSPs during 
S. aureus infection. Interestingly, we fi nd that NSPs can degrade and inactivate secreted 
virulence factors of S. aureus. However, by the expression of EAPs, S. aureus effectively 
protects its virulence factors against NSP inactivation in vitro and in vivo. 

RESULTS 
NE and CG target secreted staphylococcal virulence factors 

In order to study the role of NSPs in defense against S. aureus, we fi rst analyzed their 
activity against staphylococcal virulence factors in vitro. Since our laboratory specializes 
in bacterial immune-evasion mechanisms we focused on the activity of NSPs against 
well-characterized S. aureus immune-evasion proteins. These include the chemotaxis 
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inhibitory protein of S. aureus (CHIPS), the formyl peptide receptor-like 1 inhibitory 
proteins (FLIPr and FLIPr-like), the staphylococcal complement inhibitor (SCIN) fam-
ily and the staphylococcal superantigen-like proteins (SSLs)12. To study whether these 
immune-evasion proteins are degraded by NSPs, we incubated their recombinant forms 
with purifi ed NE or CG (see Table S1 for an overview of the used proteins). Upon incu-
bation, most tested immune-evasion proteins of S. aureus were degraded by NE (Fig. 1). 
For instance, during incubation with 100 U/ml NE for 30 min, NE cleaved off a small 
part of CHIPS (Fig. 1A). This degradation was both dose- and time-dependent (Fig. 1A, 
1B). On the contrary, CHIPS was insensitive to degradation by CG (Fig. 1A). The FLIPr 
molecule was cleaved by both proteases resulting in fragments undetectable by SDS-
PAGE, but the 70% homologous protein FLIPr-like was only partially cleaved under 
these conditions (Fig. 1C). All tested SSLs (SSL5, 6, 7, 10, and 11) seemed resistant to 
CG-mediated cleavage, but SSL5, SSL7, and SSL11 were susceptible to NE (Fig. 1D). 
These differences in susceptibility also appeared in the SCIN family of proteins. SCIN-A 
only decreased a little in size upon cleavage by NE, SCIN-C was completely cleaved to 
undetectable fragments, but SCIN-B remained completely intact. None of the SCIN pro-
teins were susceptible to CG-mediated cleavage (Fig. 1E). As apparent from these results, 
some immune-evasion proteins are completely degraded by NE, whereas fi ve molecules 
(CHIPS, SCIN-A, SSL5, SSL7 and SSL11) seemed to be cleaved at a specifi c site (Fig. 
1F). We identifi ed these cleavage sites by comparing the molecular masses of the proteins 
before and after cleavage using surface-enhanced laser desorption/ionization coupled 
to a time-of-fl ight mass spectrometer (SELDI-TOF) (Fig. 1G, Fig. S1) in combination 
with N-terminal sequencing (for CHIPS and SCIN-A) and immunoblotting (for CHIPS) 
(Fig. S1). Interestingly, the cleavage sites were all near the N-terminus and in complete 
agreement with the known preferred cleavage sites for NE behind small, hydrophobic 
residues13. Taken together, the immune-evasion proteins of S. aureus can be degraded by 
NSPs in vitro, albeit there are profound differences in susceptibility.

NSPs inactivate immune-evasion proteins 
Next, we analyzed whether the immune-evasion proteins would lose their function 

upon NSP cleavage. CHIPS binds to the formyl peptide receptor 1 (FPR1) and C5a re-
ceptor (C5aR1) on innate immune cells. The activation of these two G protein-coupled 
receptors can be measured by the release of intracellular calcium14. To prevent direct 
activation of neutrophils by NE or CG15,16, we added the protease inhibitor alpha-1-an-
titrypsin (1-AT) to these samples before measuring the calcium fl ux and verifi ed that 
mixtures of only NE or CG with 1-AT did not infl uence the calcium fl ux. As expected, 
CHIPS blocked the intracellular calcium response elicited via the FPR1 and C5aR1 (Fig. 
2A). However, when CHIPS was cleaved with NE, it could no longer inhibit FPR1 (Fig. 
2A). In concordance, a CHIPS mutant lacking the fi rst 30 amino acids (CHIPS30) could 
not inhibit FPR1 activation either. In contrast, C5aR inhibition was not abrogated after 
incubation with NE (Fig. 2A). These fi ndings correspond to previously published data 
showing that the N-terminal phenylalanine residue of CHIPS is essential for blocking 
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Figure 1. S. aureus immune-evasion proteins are cleaved by NE and CG. (A) 200 μg/ml CHIPS was incu-
bated 1:1 (v/v) with 100 U/ml NE or 20 mU/ml CG for 30 min at room temperature. (B) Time-dependent (30, 
60, 120 min) and concentration-dependent (200, 100, 50, 25 U/ml NE) cleavage of CHIPS at room temperature. 
(C-E) Degradation of FLIPr and FLIPr-like (C), SSL proteins (D), and SCIN proteins (E) as described in (A). 
(F) Overview of the cleavage patterns of the staphylococcal immune-evasion proteins. Site-specifi c cleavage, 
one specifi c cleavage site has been identifi ed; complete degradation, individual degradation products were no 
longer detectable on SDS-PAGE; insensitive, not cleaved by NE or CG. (G) Site-specifi c cleavage sites as iden-
tifi ed by SELDI-TOF and N-terminal sequencing. Results are representatives of three independent experiments.
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FPR1, whereas amino acids 31-133 are needed for inhibition of C5aR117–19. 
FLIPr-like is another potent inhibitor of neutrophil activation via FPR1 (Fig. 2B). 

When FLIPr-like was cleaved by NE, the stimulation of FPR1 was restored and thus 
FLIPr-like had lost its function (Fig. 2B). CG-treated FLIPr-like could still inhibit neutro-
phil activation. This refl ects the previously observed lack of FLIPr-like cleavage by CG 
(Fig. 1). Moreover, the homologous protein FLIPr can also inhibit neutrophil activation 
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Figure 2. Cleaved immune-eva-
sion proteins are partially inactive. 
(A) Calcium mobilization via FPR1 
(left) or C5aR1 (right) in neutro-
phils pre-incubated with CHIPS, 
CHIPS30, or purifi ed NE-treated 
His-CHIPS. Cleavage: 200 U/ml 
NE for 60 min at room tempera-
ture. Signals are expressed relative 
to buffer-treated cells. (B) Calcium 
mobilization via FPR1 in neutrophils 
pre-incubated with FLIPr-like and 
its NE and CG-treated forms (left) 
or FLIPr and its NE and CG-treated 
forms (right). Cleavage: 100 U/ml 
NE or 20 mU/ml CG for 60 min at 
room temperature. The reaction was 
stopped with 100 μg/ml α1-antitryp-
sin before adding it to the neutro-
phils. Signals are expressed relative 
to buffer-treated cells. (C) Alterna-
tive complement pathway-dependent 
lysis of rabbit erythrocytes in 10% 
serum, pre-incubated with buffer 
or NE-treated SCIN-A, SCIN-B, or 
SCIN-C. Cleavage: 100 U/ml NE 
for 30 min at room temperature. (D) 
Binding of IgA and C5 to SSL7, a 
mutant of SSL7 defective in IgA 
binding (SSL7ΔIgA), or NE-treat-
ed SSL7 proteins. The reaction was 
stopped with -1-antitrypsin. Cleav-
age: 100 U/ml NE for 30 min at 
room temperature. All bars represent 
the mean ± SD of at least three in-
dependent experiments. Signifi cance 
is addressed with a one-sample t-test 
with 100% as reference value (A, B), 
or with a one-way ANOVA, adjusted 
for multiple comparison (C, D). 
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via FPR1. This function was abrogated both by NE- and CG-cleavage (Fig. 2B). All ob-
servations for FPR1 also held true for the related G protein-coupled receptor FPR2 (data 
not shown).

The SCIN family of proteins is known to inhibit the C3 convertases of the comple-
ment system, thereby blocking all downstream effectors of complement such as forma-
tion of the terminal pathway membrane attack complex20. This can be measured in vitro 
using a hemolytic assay in which erythrocytes are lysed by human complement. In this 
assay complement activation was still inhibited by NE-cleaved SCIN-A, confi rming that 
the fi rst 5 N-terminal residues are not crucial for the function of SCIN-A20.  NE-cleaved 
SCIN-C had lost all ability to inhibit complement, which refl ects the SDS-PAGE results 
that show total degradation (Fig. 2C). Interestingly, within this family of evasion proteins 
with a similar function there are differences in susceptibility.

SSL7 binds both IgA, to diminish immune-cell activation via the FcR, and C5, to 
diminish complement activation. In an ELISA setup, we found that NE-cleaved SSL7 
could still bind IgA, whereas it was compromised in its C5 binding capacity (Fig. 2D). 
Taken together, while some functions remain preserved, most immune-evasion proteins 
are functionally inactivated by NSP cleavage. 

Staphylococcal EAPs protect immune-evasion proteins from degradation
To examine whether the EAPs could protect immune-evasion proteins from degra-

dation by NSPs, we fi rst incubated purifi ed CHIPS or SCIN-A with 100 U/ml NE in the 
presence or absence of purifi ed EAPs. As a control, we included the human NSP inhib-
itor 1-AT. As shown by immunoblot, all three EAPs inhibited the cleavage of CHIPS 
and SCIN-A (Fig. 3A). To study this in a more physiological condition we analyzed the 
degradation of CHIPS and SCIN-A within a complex mixture of bacterial supernatants. 
To study the contribution of EAPs, we included our recently constructed isogenic mu-
tants that lack one or more EAPs: Δeap, ΔeapΔH1, ΔH1ΔH2, and ΔeapΔH1ΔH2. In ad-
dition we took along the complemented strain ΔeapΔH1ΔH2compl.11. Interestingly, we 
observed that endogenously produced CHIPS and SCIN-A are degraded by NE, but only 
in supernatants that lack Eap (Δeap, ΔeapΔH1, and ΔeapΔH1ΔH2) (Fig. 3B). This sug-
gests that naturally produced Eap can protect other proteins in the supernatant from NE 
degradation. To better mimic the NSP concentration in vivo, we also used supernatants 
of fMLF-degranulated neutrophils as a source of NSPs21. The protease levels within cell-
free supernatant (5x106 neutrophils per mL) were equivalent to 43 ± 5 U/mL NE and 45 ± 
27 mU/mL CG (n=5). When these degranulated neutrophils were incubated with the bac-
terial supernatants, the endogenous CHIPS and SCIN-A proteins in bacterial supernatants 
were fully degraded, which is likely caused by the presence of multiple NSPs (Fig. 3C). 
Again, we found that the presence of Eap (i.e. WT, ΔH1ΔH2, and ΔeapΔH1ΔH2compl.) 
in the supernatant protects CHIPS and SCIN-A against NSP degradation. 

Eap protects immune-evasion proteins from NSP degradation in vivo 
Finally, we studied whether NSP degradation of staphylococcal virulence factors, and 
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protection by EAPs, also occurs during an infection in vivo. To address this, we per-
formed a murine pneumonia model with the isogenic eap-mutant strains. The bacteria 
were inoculated via the nostrils and after 6 or 24 h bronchoalveolar lavage fl uid (BALF) 
and lungs were harvested to determine the number of surviving bacteria22. In addition, the 
amount of myeloperoxidase (MPO) activity in the lungs was quantifi ed as a measure of 
the number of intrapulmonary neutrophils. Already after 6 h of infection the WT bacteria 
seemed to survive better than both mutant strains. After 24 h this difference was even 
more pronounced, comprising a factor 10 or 100 (for Δeap, or ΔeapΔH1ΔH2 respec-
tively), although only the difference between the WT and ΔeapΔH1ΔH2 infection was 
statistically signifi cant. Of note, the difference between WT and ΔeapΔH1ΔH2 infection 
might be even bigger, since two out of nine WT-infected mice succumbed to their infec-
tion before the 24-h time point (Fig. 4A). These results confi rm our previously reported 
fi ndings in an intravenous infection model showing the contribution of all EAPs to viru-
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Figure 3. Cleavage of immune-evasion proteins is rescued by the staphylococcal EAP family. (A) Eap, 
EapH1, and EapH2 (75 μg/ml) inhibit the cleavage of 100 μg/ml immune-evasion proteins CHIPS (left), 
or SCIN-A (right) by 100 U/ml NE when incubated for 30 min at room temperature. (B) Cleavage of the 
immune-evasion proteins CHIPS (left) and SCIN-A (right) by 35 U/ml NE in supernatant of S. aureus WT 
and mutant strains for 45 min at 37oC. (C) Cleavage of the immune-evasion proteins CHIPS and SCIN-A by 
fMLP-stimulated PMN in supernatant of S. aureus WT and mutant strains for 45 min at 37oC. The concentra-
tions of proteases used for incubation with bacterial supernatants during this incubation was ~ 40 U/ml NE and 
~ 45 mU/ml CG. Results represent three independent experiments. Sizes of marker bands (kDa) are indicated 
on the left. 



65

EAPs protect immune-evasion proteins

4

lence. The neutrophil recruitment in all three infections was similar, albeit there is a trend 
towards more pulmonary neutrophils at 6 h in the ΔeapΔH1ΔH2-infected mice. After 
24 h all bacterial strains had induced a pronounced neutrophil recruitment (Fig. 4B). To 
determine whether the immune-evasion proteins would be degraded in vivo as well, we 
compared the levels of the immune-evasion proteins in the BALF at 6 h after infection. 
To enable a fair comparison, we exclusively analyzed BALF of mice (two per group) that 
had similar bacterial loads (both in lung homogenate and BALF). Intriguingly, CHIPS 

W
T

ea
p

ea
p
H
1
H
2

m
oc

k

100

101

102

103

104

105

106

107
Ba

ct
er

ia
ll

oa
d

(C
FU

/g
tis

su
e)

** *
t = 6 h

W
T

ea
p

ea
p
H
1
H
2

m
oc

k

100

101

102

103

104

105

106

107

Ba
ct

er
ia

ll
oa

d
(C

FU
/g

tis
su

e)

n.s.
**

t = 24 h

W
T

ea
p

ea
p
H
1
H
2

m
oc

k

0

50

100

150

200

250

M
PO

(m
U

)

n.s. n.s.

t = 6 h

W
T

ea
p

ea
p
H
1
H
2

m
oc

k

0

50

100

150

200

250

M
PO

(m
U

)

n.s. n.s.
t = 24 h

A

C

B
ea

p

H
2

ea
p

H
1

CHIPS

P
B

Sea
p

H
1

H
2

H
2

ea
p

H
1

ea
p

ea
p

W
T

ea
p

H
2

ea
p

H
1

ea
p

H
2

ea
p

H
1

ea
p

H
2

ea
p

H
1

SCIN

15

20

10

15

10

Figure 4. S. aureus protects its immune-
evasion proteins from cleavage in vivo. 
(A) Surviving bacteria during pneumonia in 
mice. Mice were infected intranasally with 
4 x 108 S. aureus Newman WT or isogenic 
eap mutants and bacterial loads were re-
covered from the right lungs at 6 h (left) or 
24 h (right) post infection. Dotted line in-
dicates detection limit as apparent from the 
mock-infected mice. Gray symbols indicate 
the mice analyzed in (C). (B) Quantifi cation 
of the MPO activity in the BALF at 6 h (left) 
or 24 h (right) post infection. Dotted line in-
dicates detection limit as apparent from the 
mock-infected mice. Gray symbols indicate 
the mice analyzed in (C). (C) Immunoblot 
for CHIPS (top) and SCIN-A (bottom) of 
BALF of mice at 6 h post infection. Sam-
ples are from the mice that are highlighted 
in gray in panels (A) and (B). Each sym-
bol represents a sample from an individual 
mouse. Horizontal bars indicate the median 
of all observations. Statistical signifi cance 
was addressed with a non-parametric one-
way ANOVA, corrected for multiple testing 
with a Tukey’s multiple comparison test. 
Sizes of marker bands (kDa) are indicated 
on the left. 
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and SCIN-A could be clearly detected in the BALF of WT-infected mice, but were unde-
tectable in the mice infected with either mutant strain (Fig. 4C). Since the isogenic mutant 
strains produce normal levels of immune-evasion proteins in liquid culture, the absence 
of immune-evasion proteins during infection is most likely caused by enhanced break-
down. In conclusion, the degradation of CHIPS and SCIN-A proteins also occurs in vivo 
during an infection with S. aureus, but only in absence of Eap, which normally protects 
these immune-evasion proteins from degradation by NSPs. 

DISCUSSION
The work presented here is a compelling demonstration of the continuous battle be-

tween pathogenic bacteria and host immune components. Many groups have previously 
illustrated how S. aureus evolved a plethora of secreted virulence factors to specifi cally 
down-modulate effective infl ammatory responses. These mechanisms include effective 
complement inhibitors (Efb/Ehp, SCIN proteins, Sbi), phagocytosis blockers (Efb, FLIPr/
FLIPr-like) and neutrophil toxins23–28. And although we fi nd that neutrophil proteases are 
capable of inactivating these immune-evasion proteins, we also demonstrate the coun-
teracting mechanism of S. aureus to evolve NSP inhibitors to protect its other secreted 
proteins11. This way, the bacterium keeps it virulence arsenal intact allowing a successful 
infection of the human host. 

Interestingly, we observed a differential activity of NSPs versus homologous im-
mune-evasion factors with similar functions. For long it was not well understood why 
S. aureus expresses such a redundant arsenal of immune-escape factors. For instance, 
the family of SCIN proteins (SCIN-A, B and C) all block C3 convertase enzymes with 
similar activity. The fact that SCIN-C is fully inactivated by NE, while the function of 
SCIN-A remained intact, may explain for the fi rst time why S. aureus secretes so many 
different proteins that exert the same function. In addition, S. aureus relies on a family of 
NSP inhibitors to allow full and effective protection against NSP inactivation. Interesting-
ly, expression of eap is regulated by the Sae two-component system, which also regulates 
expression of many immune-evasion proteins such as CHIPS and SCIN-A29. This coor-
dinated expression of the immune-evasion proteins and the NSP inhibitor assures timely 
inhibition of NSPs by Eap to protect these immune-evasion proteins. The exact contri-
bution of EapH1 and EapH2 to the protection of immune-evasion proteins was not clear 
from our in vivo studies, but their contribution is likely underestimated in our experiments 
by the use of strain Newman, that is known to over-express Sae-regulated genes like eap. 

Although it is clear from this study that NSPs and S. aureus immune-evasion proteins 
encounter each other during an infection, the exact circumstances are yet unclear. NSPs 
are known to function both inside neutrophil phagosomes and extracellular after neutro-
phil degranulation or NETosis. The cleavage of CHIPS and SCIN-A that we observed in 
vivo could therefore have taken place at multiple sub-cellular locations. However, since 
these proteins have their functions outside the neutrophil, we anticipate that this is also 
the site where they are expressed. Furthermore, the location at which NSP inhibition by 
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EAPs is most important will depend on which virulence factor is analyzed. Here we show 
that extracellular immune-evasion proteins are protected. 

Even though we now focused on immune-evasion proteins, we presume that all extra-
cellular proteins (both surface-bound and secreted) of S. aureus can be targeted by NSPs. 
Other reports already indicated that the cleavage of virulence factors is a common func-
tion of NSPs. For example, NE and CG both cleave Pseudomonas aeruginosa fl agellin, 
which yields it unable to activate epithelial cells30. Furthermore, NE degrades the Shigella 
virulence factors IpaA-C and IcsA, to inhibit bacterial escape from the phagosome31. Also 
in vitro studies indicated that the S. aureus -toxin and ClfA are subject to degradation by 
NE or CG, respectively32,33. We now show for the fi rst time that the degradation of bacte-
rial virulence factors occurs during an S. aureus infection in vivo. Previous studies could 
not unanimously prove the importance of NSPs in defense against S. aureus. For example, 
NE-knockout mice34 and CG-knockout mice10 survived intraperitoneal challenge equally 
well as compared to WT mice. During intravenous challenge only CG-knockout mice 
showed decreased survival compared to both NE-knockout and WT mice9. The function 
of NSPs was likely underestimated in these studies because of the use of wild-type bac-
teria expressing EAPs. Using the eap deletion mutants, we could now demonstrate that 
NSPs are indeed important in intravenous11 and pneumonia infections (this study). 

Altogether, we show that the degradation of bacterial virulence factors occurs both 
in vitro and in vivo during an S. aureus infection. As a countermeasure, S. aureus has 
evolved its own defense against this degradation in the form of EAPs. This fi nding per-
fectly illustrates that S. aureus and its hosts have evolved a delicate balance requiring 
defense mechanisms from both sides. Furthermore, these studies indicate that therapeutic 
inactivation of EAPs can restore the natural host defenses against S. aureus. 
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MATERIAL AND METHODS
Ethics statement

All blood donors provided written informed consent in accordance with the Declaration of Helsinki. The 
medical ethics committee of the University Medical Center Utrecht (Utrecht, The Netherlands) approved the 
used protocol. Animal experiments were performed as required by the German regulations of the Society for 
Laboratory Animal Science (GV-SOLAS) and the European Health Law of the Federation of Laboratory An-
imal Science Associations (FELASA), and were approved by the local governmental animal care committee 
(Lower Saxony, 33.9-42502-04-12/0855).

Human materials
Normal human serum (NHS) was isolated as described before35 and frozen at -80 °C until further use. 

Neutrophils were isolated over a Ficoll/Histopaque gradient from blood from heparinized vacutainers (Becton 
Dickinson), as described before26. Neutrophils were degranulated by stimulation at 37°C with cytochalasin B, 
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TNF- and fMLF as described before21. 

Staphylococcal proteins
Proteins were recombinantly expressed with a cleavable His-tag as described before for CHIPS19, 

CHIPSΔ30 (truncated CHIPS, lacking the fi rst 30 amino acids)19, FLIPr26, FLIPr-like27, SCIN-A28, SCIN-B, 
SCIN-C20, SSL-5, -6, -7, -10, and -1136,37, and Eap, EapH1 and EapH238,39. See Table S1, which summarizes the 
used proteins with their calculated theoretical mass value (MW) and the mass value obtained by SELDI-TOF. 

Degradation of staphylococcal proteins by NSPs
Purifi ed staphylococcal proteins (200 μg/ml) were incubated 1:1 (v/v) with PBS or PBS- Ipegal-CA630 

(Sigma Aldrich), NE (Elastin Products Company), or CG (Calbiochem, Merck) at room temperature. Protease 
concentration and incubation times are indicated in the Fig. legends. Where indicated, proteases were pre-incu-
bated for 1 min with inhibitors (EAPs or -1-antitrypsin (Sigma Aldrich)) before the staphylococcal proteins 
were added. Reactions were stopped with Laemmli sample buffer and analyzed by SDS-PAGE. 

SDS-PAGE and immunoblotting
Samples were heated for 5 min at 90°C. Proteins were separated by electrophoresis on a 15% (w/v) SDS-

PAGE and visualized by Coomassie Brilliant Blue staining (Merck). Proteins in samples for immunoblotting 
were separated by 4-12% NuPAGE (Life technologies) and transferred onto polyvinylidenedifl uoride (PVDF) 
membranes (Millipore, Merck) in Tris-glycine buffer containing 20% (v/v) methanol and 0.03% (w/v) SDS. The 
membranes were blocked with 4% (w/v) non-fat dry milk in PBS-T (PBS containing 0.05% (v/v) Tween-20) 
for at least 1 h. Membranes were incubated with specifi c, polyclonal antibodies (rabbit--CHIPS (0.1 μg/ml), 
or rabbit--SCIN-A (1 μg/ml) in 1% (w/v) non-fat dry milk in PBS-T) for 1 h at 37°C. After 3 washes, the 
primary antibodies were detected with peroxidase-conjugated goat antibodies (Southern Biotechnologies, UK), 
diluted 1:15,000 for one hour at 37°C. Finally, the blots were washed with PBS-T and bands were visualized by 
enhanced chemiluminescence (ECL, Amersham), or ECL-prime (for the mouse samples). 

Identifi cation of cleaved peptides
Cleavage products were analyzed by SELDI-TOF and N-terminal sequencing. SELDI analysis was per-

formed using a normal phase NP20 ProteinChip® array that contains silicon-oxide groups to bind proteins 
through hydrophilic and charged residues. Products in PBS were applied, 2 μl per spot, air dryed and washed 
with 5 μl water. To the dry spot, 1 μl of a saturated solution of sinapinic acid (Ciphergen) in 50% acetonitrile 
and 0.5% trifl uoracetic acid was added and air dried. The arrays were transferred to the Ciphergen SELDI reader 
(model 4000) and analyzed following desorption of bound proteins by short intense pulses from a UV laser.

For N-terminal sequencing the proteins were transferred to a PVDF membrane after electrophoresis us-
ing CAPS (10 mM)/methanol (40%) buffer. The membranes were washed with distilled water, stained with 
Coomassie Brillant Blue R-250 in 40% methanol and washed again. The protein bands of interest were excised 
from the dried membrane and used for N-terminal sequencing by the Edman procedure at Alphalyse (Odense, 
Denmark).

Purifi cation of cleaved fragments
For purifi cation of protease-derived fragments from CHIPS and SCIN-A, His-tagged proteins (100 μg) 

were incubated with 200 U/ml NE or PBS buffer in a volume of 100 μl for 1 h at room temperature. The reaction 
was stopped by adding the NE inhibitor MeOSuc-AAPV-CMK (Sigma Aldrich) to a fi nal concentration of 1 
mM. To separate the cleavage fragment from the unmodifi ed protein, the sample was run over a His-select™ 
Spin column (Sigma-Aldrich) by centrifugation for 5 min at 10,000 rpm in an Eppendorf minifuge. The column 
was washed once with 100 μl PBS and combined with the fi rst retentate. Specifi c CHIPS or SCIN-A content was 
determined by specifi c capture ELISA using monoclonal and polyclonal antibodies as previously described40.  
The presence of residual His-tagged protein was verifi ed by a capture ELISA onto Ni-NTA HisSorb™ plates 
(Qiagen). Bound His-tagged protein was detected with a specifi c rabbit anti-CHIPS or anti-SCIN-A IgG and 
peroxidase-conjugated goat anti-rabbit IgG.

Neutrophil calcium mobilization
Neutrophils were loaded with 2 μM Fluo-3-AM (acetomethyl ester) for 20 min at room temperature under 
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constant agitation and washed once. Cells were resuspended in RPMI-1640 with 0.05% (w/v) human serum 
albumin (HSA) at 5 x 106 cells/ml and incubated for 5 min with 1 μg/ml inhibitory protein, fragments, or buffer 
only, at room temperature. Prior to stimulation, cells were diluted 5-fold and transferred to Falcon tubes with a 
volume of 180 μl. The basal fl uorescence was determined by fl ow cytometry (FACSCalibur, BD Biosciences) 
for 10 seconds, the tube was withdrawn from the sample holder, and 10-fold concentrated stimulus was added. 
Cells were activated with 30 nM MMK-1 (Sigma Aldrich), 3 nM fMLF (Sigma Aldrich) in assays with CHIPS, 
1 nM fMLF in assays with FLIPr(-like), or 0.1 nM C5a (Calbiochem, Merck). The tube was rapidly placed back 
to continue the fl uorescence readings until 52 seconds. The difference in mean fl uorescence intensity (MFI) 
before and after stimulation was used as a measure of neutrophil activation. Data are expressed as percentage 
stimulation as compared to the positive control (stimulus without inhibitor).

Alternative complement pathway assay (AP50)
Rabbit red-blood cells (from Alsever rabbit blood, Biotrading Benelux B.V.) were washed with PBS and 

adjusted to a concentration of 1.5 x 108/ml in VBS-MgEGTA (veronal-buffered saline with 5 mM MgCl2 and 10 
mM EGTA). In a U-shaped microplate, 2-fold serial dilutions of SCIN proteins, fragments or buffer were mixed 
with 10% NHS in VBS-MgEGTA and incubated for 15 min at room temperature in a volume of 100 μl. Sub-
sequently, 50 μl red-blood cells were added and incubated for 1 h at 37°C. The plate was centrifuged and 100 
μl supernatant was transferred to a new fl at-bottom microplate to measure the red-blood cell lysis at OD405nm. 

IgA and C5 ELISA
Greiner high-bound microtiter plates were coated with 1 μg/ml SSL7, or NE-treated SSL7. After blocking 

with 4% BSA in PBS-T, a serial dilution of purifi ed human IgA or C5 (Calbiochem) was added. Bound proteins 
were detected with peroxidase-labeled anti-HuIgA or monoclonal anti-C5 (Quidel) antibody. Coated SSL7 was 
also directly detected by a serial dilution of rabbit anti-SSL7. Primary antibodies were detected with the appro-
priate peroxidase-labeled secondary antibodies.

Isogenic bacterial mutants
The markerless mutants S. aureus Newman ΔeapΔH1 (MR1852) and ΔH1ΔH2 (MR1912) were generated 

as described previously for Δeap (MR1811) and ΔeapΔH1ΔH2 (MR1860)11. 

Degradation of virulence factors within supernatants
Bacterial strains were grown overnight in Todd-Hewitt broth (THB). This culture was diluted 1:100 in 

Iscove’s modifi ed Dulbecco’s medium (IMDM; Gibco, Invitrogen) and grown for 8 h at 37oC while shaking. 
Supernatants were collected after centrifugation for 15 min at 2,660 x g. Before storage at -20°C, supernatants 
were sterile fi ltered and concentrated ten times with 3-kDa Amicon spin columns (Millipore). Degradation of 
virulence factors by NSPs was assessed by incubating concentrated bacterial supernatants 1:1 (v/v) with 40 μg/
ml NE (~35 U/ml) or fMLF-stimulated neutrophil supernatants for 45 min at 37oC. Cleavage products were 
analyzed by immunoblotting. 

Quantifi cation of released NE and CG
The amount of human NE and CG released by degranulated neutrophils was quantifi ed with specifi c sub-

strates (MeOSuc-AAPV-pNA for NE and Suc-AAPF-pNA for CG (Calbiochem)). The substrates were dis-
solved in DMSO and diluted with PBS to 1 mM (for NE) and 10 mM (for CG). Substrate solutions were mixed 
1:1 (v/v) with samples, incubated for 30 min at 37°C and OD405nm was measured in a BioRad microplate reader. 
Purifi ed enzymes served as standards to calculate the sample concentrations. 

Murine pneumonia model
The pneumonia model was performed as previously described22, with minor modifi cations. Female C57/

BL6 mice (purchased from Harlan-Winkelmann, Germany) were bred in the animal facility at University of 
Veterinary Medicine Hannover, Germany and kept under specifi c pathogen free (SPF)-conditions. They were 
infected when they were 9, 10 or 17 weeks old (equally distributed amongst the different treatment groups). 
Overnight cultures of S. aureus were diluted 1:100 in fresh THB and grown to OD660nm 0.8. Bacteria were cen-
trifuged for 10 min at 3500 x g and resuspended in PBS to contain 2 x 1010 CFU/ml. Mice were anesthetized 
with 75 mg/kg ketamine (WDT) and 5 mg/kg xylazine (Serumwerk Bernburg AG) in PBS. They were infected 
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with 10 μl bacteria in each nostril. Mice were held upright after infection and recovery from anesthesia was 
monitored. Either 6 or 24 h after inoculation the mice were sacrifi ced with isofl uorane (Baxter, Germany). The 
lungs were fl ushed with 1 ml sterile PBS to obtain the BALF. CFU were enumerated by plating serial dilutions 
on sheep-blood agar (SBA; Becton-Dickinson). The right lung was excised and homogenized for 30 s in PBS to 
enumerate CFU in the tissue. The left lung was excised and homogenized for 30 s in 50 mM phosphate buffer 
with 1% (w/v) hexadecyltrimethylammonium bromide (HTAB; Sigma-Aldrich) to determine enzyme activity. 
MPO activity was determined as a measure for the neutrophil infl ux41. Therefore, homogenized left lungs and 
the MPO reference (Calbiochem) were diluted 1:10 with o-dianisidine dichloride (DDC; Sigma-Aldrich) and 
0.05% (v/v) H2O2 in 50 mM phosphate buffer. After 1 h the OD450nm was measured.

Statistical analysis
Statistical analyses were performed by using GraphPad Prism 6.0. P < 0.05 was assumed to be statistically 

signifi cant. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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Figure S1. Identification of the NE-cleavage sites within the immune-evasion proteins. (A) Susceptibility 
to cleavage by 100 U/ml elastase for 30 min at room temperature of CHIPS and its N-terminal deletion mutant 
CHIPS30. The cleavage reaction was analyzed on SDS-PAGE. (B) NE-treated CHIPS was blotted with rabbit 
anti-N-terminal peptide (Rb-N) to detect the amino-terminal domain of CHIPS, or with mouse mAb 2H7 that 
recognizes a region within amino acids 18-31. (C) Schematic overview of the antibodies (Rb--N and mAb 
2H7) used to identify the NE-cleavage site within CHIPS. (D-H) SELDI-TOF analysis of immune-evasion 
proteins before and after cleavage by 100 U/ml NE or 20 mU/ml CG for 30 min at room temperature on a NP20 
protein chip. (D) CHIPS treated with NE. (E) FLIPr treated with NE or CG. (F) SCIN-A treated with NE. (G) 
SSL5 treated with NE. (H) SSL7 treated with NE. Relevant mass regions are shown and the peaks are labeled 
with the exact mass.
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Supplemental table

Table S1. Staphylococcal immune-evasion proteins used.

Protein Gene Immune-evasion function Ref. MW42 SELDI-TOF

CHIPS NWMN_1877 blocks FPR1 and C5aR1 43 14112 14124

FLIPr SA1001 blocks FPR2 26 12318 12431

FLIPr-like MW1038 blocks FPR1and FPR2 27 12011 11904

SCIN-A NWMN_1876 inhibits C3 convertases 28   9805   9824

SCIN-B SA1004 idem 20   9862   9899

SCIN-C SAR1131 idem 20   9878   9897

SSL5 SAOUHSC_00390 blocks PSGL-1 and GPCRs 37,44 24161 24129

SSL6 SAOUHSC_00391 binds CD47 45 23573 23584

SSL7 SAOUHSC_00392 binds C5 and IgA 36,46 23157 23149

SSL10 SAOUHSC_00395 binds CXCR4 and IgG 47,48 23074 23065

SSL11 SAOUHSC_00399 binds sialyl Lewis X 49 22298 22320

List of recombinantly made staphylococcal proteins, with their source gene, immune-evasion function, 
and molecular weight (predicted based on amino-acid sequence, and determined by SELDI-TOF).
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ABSTRACT
The pathogenic bacterium Staphylococcus aureus actively evades many aspects of 

human innate immunity by expressing a series of small inhibitory proteins. A number of 
these proteins inhibit the complement system, which labels bacteria for phagocytosis and 
generates infl ammatory chemoattractants. Although the majority of staphylococcal com-
plement inhibitors act on the alternative pathway to block the amplifi cation loop, only a 
few proteins act on the initial recognition cascades that constitute the classical pathway 
(CP) and lectin pathway (LP). We screened a collection of recombinant, secreted staph-
ylococcal proteins to determine whether S. aureus produces other molecules that inhibit 
either the CP and/or LP. Using this approach, we identifi ed the extracellular adherence 
protein (Eap) as a potent, specifi c inhibitor of both the CP and LP. We found that Eap 
blocked CP/LP-dependent activation of C3, but not C4, and that Eap likewise inhibited 
deposition of C3b on the surface of S. aureus cells. In turn, this signifi cantly diminished 
the extent of S. aureus opsonophagocytosis and killing by neutrophils. This combination 
of functional properties suggested that Eap acts specifi cally at the level of the CP/LP C3 
convertase (C4b2a). Indeed, we demonstrated a direct, nanomolar-affi nity interaction of 
Eap with C4b. Eap binding to C4b inhibited binding of both full-length C2 and its C2b 
fragment, which indicated that Eap disrupts formation of the CP/LP C3 pro-convertase 
(C4b2). As a whole, our results demonstrate that S. aureus inhibits the two initiation 
routes of complement by expression of the Eap protein, and thereby defi ne a novel mech-
anism of immune evasion. 
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INTRODUCTION
The complement system serves as a critical hub in the human innate immune and 

infl ammatory system, and fulfi lls numerous roles in homeostasis, defense, repair, and 
disease1. Despite its diverse list of functions, complement remains best known for its abil-
ity to opsonize and eliminate invading microorganisms. To achieve this most effi ciently, 
the microbial surface must fi rst be recognized by one of a series of pattern-recognition 
proteins1. These ligand-bound ‘sensors’ can then trigger one of three canonical activation 
routes, (the classical (CP), lectin (LP), and alternative (AP) pathways), which all result 
in cleavage of the abundant plasma protein C3 into its bioactive C3a (chemoattractant) 
and C3b (covalent opsonin) fragments. Although such activation of C3 may occur at a 
low level spontaneously, this central process is catalyzed at the bacterial surface through 
the function of two transiently-stable, multi-subunit proteolytic complexes known as C3 
convertases. In the case of the CP or LP, the initiating complexes of surface Ig-bound C1 
or carbohydrate-bound MBL/MASPs trigger proteolytic activation of C4 to produce C4b. 
Surface-bound C4b then binds C2 to form the CP/LP C3 pro-convertase which, when 
proteolytically-activated by the same initiation complexes named above, gives rise to 
the fully-active CP/LP C3 convertase, C4b2a. C4b2a converts native C3 into C3b, and 
ultimately gives rise to the AP C3 convertase (C3bBb). In this scenario surface deposed 
C3b, along with the pro-enzyme factor B (FB) and factor D (FD), cooperate to generate 
the C3bBb complex. It is this surface-bound AP C3 convertase that activates massive 
amounts of C3 into C3b, thereby being responsible for the self-amplifying nature of the 
complement response, and which stimulates effi cient opsonization of bacteria and pro-
duction of powerful infl ammatory mediators like C3a and C5a2. Furthermore, deposited 
C3b molecules also activate the terminal pathway of complement that results in the for-
mation of the membrane attack complex (C5b-9) that can directly kill Gram-negative 
bacteria. 

The pathogenic bacterium Staphylococcus aureus has evolved a diverse and multifac-
eted approach to successfully evade the human innate immune response3–5. Central to 
this global strategy is its ability to manipulate the human complement system to a greater 
extent than perhaps any other pathogen studied thus far3,4,6. While studies from the last 
decade have revealed much on the diverse nature of S. aureus complement evasion, the 
large number of C3 convertase inhibitors that act on the AP suggests that conceptually 
similar mechanism(s) that affect the CP and/or LP might be manifested by a component 
of the S. aureus immune evasion arsenal. In this regard, the fact that CP and LP share the 
same C3 convertase, C4b2a, raises the intriguing possibility that a single inhibitor might 
effectively block C3b deposition and downstream anaphylatoxin production via both of 
these pathways simultaneously. While staphylococcal complement inhibitor (SCIN) pro-
teins have been reported to inhibit the CP and LP at the level of C3b deposition, their 
activities against these pathways are only partial and are substantially weaker than they 
are against the AP7,8. Thus, we hypothesized that S. aureus might express and secrete an 
as yet unidentifi ed inhibitor of CP and LP C3 convertase formation and/or activity. 

To this end, we screened a collection of recombinant secreted S. aureus proteins to 
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examine whether any of these molecules had inhibitory activities on the CP/LP. In doing 
so, we identifi ed the staphylococcal extracellular adherence protein (Eap) as a potent, 
specifi c inhibitor of both the CP and LP. We found that Eap, but not its structural homo-
logs EapH1 and EapH29, inhibits the CP/LP in a dose-dependent manner by forming a 
nanomolar affi nity complex with C4b. This C4b/Eap complex inhibits binding of C2 to 
C4b, and therefore impedes formation of the CP/LP C3 pro-convertase. From a broader 
perspective, the studies we present here suggest that the effects of Eap on the CP/LP in 
many respects mirror those of the staphylococcal complement inhibitor Efb-C, which 
inhibits AP C3 pro-convertase formation by binding C3b10. In sum, this work provides 
new insight into staphylococcal immune evasion, and also describes an entirely novel 
mechanism of CP/LP regulation that may hold signifi cant implications for future design 
of therapeutic CP/LP inhibitors.

 

RESULTS
Identifi cation of Eap as an inhibitor of the CP and LP of complement

We screened a library of approximately 30 secreted staphylococcal proteins to test 
if any of these molecules were capable of inhibiting the CP and LP on the surface of 
pathway-specifi c activator/acceptor coated ELISA plates11. In doing so, we discovered 
that a recombinant form of Eap inhibited both pathways at the level of terminal comple-
ment complex (C5b-9) deposition (Fig. 1A). This effect was specifi c for the CP and LP, 
since Eap did not block the AP (Data Not Shown). A gene encoding Eap is found in 98% 
of all clinical isolates of S. aureus12. Although there is some variability in the molecu-
lar weight of Eap protein produced by different strains, characterization of Eap from S. 
aureus strain Mu50 (~50 kDa) and Newman (~63 kDa) in various assays suggests that 
these two isoforms retain similar functions13,14. Consistent with this, Eap proteins from 
both S. aureus Mu50 and Newman are equally potent in their ability to inhibit the CP 
and LP (Data Not Shown). Eap from S. aureus strain Mu50 is comprised of four tandem 
repeats of an ~100 residue motif known as the EAP domain9. These repeats share be-
tween 40-80% identity with one another, and show approximately 25-50% identity to the 
structurally related S. aureus proteins, EapH1 and EapH2, which themselves consist of 
little more than a single EAP domain9. While Eap potently inhibited the CP and LP at the 
level of C5b-9, neither EapH1 nor EapH2 had any signifi cant impact on either pathway. 
Thus, the inhibitory effect on the CP and LP is specifi c to Eap, and not a general feature 
of EAP domain-containing proteins. To determine the specifi c steps in the CP and LP that 
are inhibited by Eap, we investigated whether Eap could block C4b or C3b deposition. 
We found that Eap inhibited C3b deposition by the CP and LP both in human and mouse 
serum (Fig. 1B, Fig. S1A), but Eap failed to block C4b deposition (Fig. 1C). Together, 
these results indicate that Eap blocks activation of C3, but not C4, via both the CP and 
LP of complement. 
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Eap inhibits deposition of C3b at the S. aureus surface and blocks phagocytosis and 
killing

The results described above revealed that Eap specifi cally inhibits C3 activation via 
the CP and LP. Nevertheless, one limitation of these experiments is that they employed 
artifi cial activator and acceptor surfaces to study the complement response. To test wheth-
er Eap could impact an experimental system that more closely refl ects the situation found 
in vivo, we examined the effect of Eap on C3b opsonization of the S. aureus cell surface. 
Although Eap is a secreted protein, approximately 30% of Eap rebinds the bacterial sur-
face after secretion15. To address the role of surface-bound Eap in complement inhibition, 
we analyzed C3b deposition and subsequent phagocytosis for both the S. aureus Newman 

Figure 1. Eap inhibits complement activation via the classical and lectin pathways. The effect of Eap on 
distinct routes of complement activation was assessed via ELISA-based methods. (A) The effect of 1 μM Eap, 
EapH1, or EapH2 on CP (left) and LP-mediated (right) complement activation was measured across a dilution 
series of NHS. Activation was detected as C5b-9 deposition on an ELISA plate surface. (B) The effect of 1 μM 
Eap, EapH1, or EapH2 on CP and LP-mediated complement activation in 1% (v/v) NHS. Activation was detect-
ed as C3b deposition on an ELISA plate surface. (C) The same experiment as in (B), except that activation was 
detected as C4b deposition on an ELISA plate surface. Error bars represent the mean ± SD of three independent 
experiments. Measures of statistical signifi cance in (B) and (C) were determined by an unpaired t-test of each 
experimental series versus buffer control. **, p≤0.01; ***, p≤0.001; ns, not signifi cant. 
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WT strain and an isogenic eap-mutant strain (Δeap) in parallel14 (Fig. S1B). Neither assay 
revealed any difference in the level of C3b deposition or phagocytosis between the WT 
and mutant strain in the absence of exogenous Eap, suggesting that surface-retained Eap 
does not contribute signifi cantly to S. aureus complement evasion (Fig. 2A, B). However, 
exogenously added Eap (1 μM) blocked deposition of C3b on both strains by nearly 50% 
across four different serum concentrations that ranged from 1% to 8% (v/v) (Fig. 2A). As 
expected, this diminished level of C3b opsonization in the presence of Eap signifi cantly 
inhibited the effi ciency with which neutrophils phagocytosed both strains (Fig. 2B). 

We then used the Δeap strain to conduct several additional experiments aimed at as-
sessing the signifi cance of Eap’s effects on phagocytosis and its impact on bacterial sur-

Figure 2. Eap inhibits opsonization, phagocytosis, and killing of S. aureus. The impact of recombinant Eap 
on complement deposition and phagocytosis of S. aureus Newman strains was assessed using fl ow cytometry. 
(A) C3b deposition on the surface of S. aureus Newman WT or Δeap in the presence of 1 μM Eap or a buffer 
control. (B) Phagocytosis of S. aureus Newman WT or Δeap in the presence of 1 μM Eap or a buffer control; 
legend as in (A). (C) Extent of phagocytosis of S. aureus Newman Δeap using 1% (v/v) NHS in the presence 
of 1 μM Eap, EapH1, or EapH2, or a buffer control. (D) Neutrophil-mediated killing of S. aureus Newman 
Δeap opsonized in the presence of 1 μM Eap or a buffer control. Error bars represent the mean ± SD of three 
independent experiments and at least two different donors. Measures of statistical signifi cance were determined 
by an unpaired t-test of each experimental series versus the corresponding buffer control for each strain and 
serum concentration as appropriate. *, p≤0.05; **, p≤0.01; ***, p≤0.001; ****, p≤0.0001; ns, not signifi cant. 
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vival. To begin, we found that inhibition of phagocytosis by increasing concentrations 
of Eap was both dose-dependent and saturable (Fig. S1C). Importantly, the concentra-
tion of Eap found in stationary liquid cultures of S. aureus (up to 10 μg/ml, or ~ 200 
nM16) resulted in greater than 50% inhibition of phagocytosis by human neutrophils. 
While the concentration of Eap secreted into the human body during S. aureus infections 
remains uncertain, these data suggest that Eap-dependent inhibition of the CP/LP, and 
subsequently of phagocytosis, is likely physiologically relevant. Along these lines, and 
in concordance with the ELISA data presented above, this anti-phagocytic effect was not 
observed when either control protein EapH1 or EapH2 was added at the same exogenous 
concentration that resulted in potent inhibition of phagocytosis by Eap (Fig. 2C). Final-
ly, we observed that diminished levels of phagocytosis likewise resulted in signifi cantly 
diminished killing of S. aureus by human neutrophils (Fig. 2D). Together, these results 
indicate that secreted Eap specifi cally blocks CP/LP-mediated opsonization of S. aureus 
with C3b and subsequent phagocytosis and killing of S. aureus by neutrophils.

Eap binds with nanomolar affi nity to complement component C4b
We observed that Eap bound an approximately 200 kDa protein present in ED-

TA-treated human serum but not in C4-depleted serum (Fig. S2A). While this result 
provided evidence that Eap binds to native C4, the functional studies presented above 
indicated that Eap inhibits an event within the CP and LP that mediates activation of C3 
but leaves C4 activation intact. We therefore predicted that Eap must act on either the 
fully assembled CP/LP C3 convertase (C4b2a) or an isolated component thereof. As a 
fi rst test of this hypothesis, we examined the behavior of purifi ed C4b and a mixture of 
C4b and Eap by analytical size-exclusion chromatography (Fig. 3A, left panel). Inclusion 
of equimolar amounts of Eap in the C4b sample resulted in a pronounced shift of the 
peak to a larger apparent molecular weight that eluted as a single species. Indeed, bands 
corresponding to both Eap and C4b were present when the peak fractions were analyzed 
by Coomassie-stained SDS-PAGE (Fig. 3A, right panel). Due to potential inaccuracy of 
molecular weight estimates obtained from size-exclusion chromatography, we also used 
analytical ultracentrifugation to provide further characterization of the C4b/Eap complex. 
Sedimentation equilibrium data for both C4b/Eap and C4b alone were obtained at one 
concentration and were well-described by a single particle model (Fig. S2C). Whereas the 
molecular weight for C4b itself was estimated at 268 kDa, the apparent molecular weight 
C4b/Eap was estimated at 308 kDa. Since previous sedimentation equilibrium studies of 
Eap yielded an apparent molecular weight of 51 kDa for this protein17, these data strongly 
suggest that Eap forms a 1:1 complex with C4b. 

We next utilized a bead-based AlphaScreen assay to explore both the affi nity and 
specifi city of the C4b/Eap interaction in greater detail18,19. Whereas untagged Eap itself 
could diminish the luminescence signal generated by interaction between myc-tagged 
Eap and C4b-biotin in a dose-dependent manner, neither EapH1 nor EapH2 had any 
competitive effect even at the highest concentrations tested (Fig. 3B). Non-linear curve 
fi tting of the C4b/Eap competition data revealed an apparent Kd of 185 ± 14 nM for this 
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complex. Saturable binding of similar affi nity was also observed when either native C4 
or C4c was used as the competitor, and fi t to apparent Kd values of 45 ± 2 and 138 ± 16 
nM, respectively (Fig. S2B). To study the C4b/Eap interaction through an independent 
approach, we constructed an SPR biosensor wherein C4b-biotin was uniformly immobi-
lized on a streptavidin-coated surface similarly to what we have previously reported for 
C3b-biotin10,18–20. Signifi cantly, neither EapH1 nor EapH2 bound the C4b surface even at 
concentrations 10-fold higher than those which showed clear evidence of C4b binding by 
Eap (Fig. 3C). Thus, the ability of Eap to bind C4b and the lack of C4b binding by EapH1 
and EapH2 is in agreement with the inhibition of CP/LP function by Eap and the lack 
thereof by its homologues.

Eap binding to C4b and inhibition of the CP/LP requires the third domain of Eap
The modular architecture of the Eap protein raised questions as to whether a discrete 

combination of these domains is responsible for binding to C4b and, furthermore, wheth-

Figure 3. Eap forms a nanomolar affinity complex with complement component C4b. (A) Analysis of the 
C4b/Eap complex by analytical gel-fi ltration chromatography. Chromatograms for C4b and C4b/Eap (left) and 
Coomassie-stained SDS-PAGE analysis of the peak fractions from each injection (right). C, C4b; E, Eap; M, 
molecular weight marker. (B) The ability of untagged Eap, EapH1, and EapH2 to compete the AlphaScreen 
signal generated by myc-Eap and C4b-biotin was assessed over a logarithmic dilution series. While three in-
dependent trials were carried out, the data presented here are from single representative titrations. The smooth 
line indicates the outcome of fi tting all points to a dose-response curve when competition was observed. (C) 
Binding of Eap, EapH1, and EapH2 to an oriented C4b-biosensor surface. The peak signals achieved following 
injection stop for samples at 1 and 10 μM, done in triplicate, were normalized to the molecular weight of their 
respective analyte proteins. Note that error bars are shown, but represent comparatively small variations due to 
the high precision of the assay system.
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er that domain drives inhibition of CP/LP activity. To address these issues simultaneously, 
we overexpressed and purifi ed a series of Eap fragments consisting of adjacent pairs of 
domains (i.e. Eap12, Eap23, and Eap34) as well as the individual Eap repeats themselves 
(i.e. Eap1, Eap2, Eap3, and Eap4) (Fig. 4A). Like EapH1 and EapH2, an equimolar mix-
ture of the individual Eap repeats did not compete the luminescence signal generated by 
myc-Eap binding to C4b-biotin at concentrations up to 10 μM (Fig. 4B). Similarly, com-
petition by Eap12 was detected only at the highest concentrations examined. By contrast, 
saturable binding of nearly equivalent affi nity to Eap was observed in the same assay 
system for both Eap23 (Kd = 293 ± 38 nM) and Eap34 (Kd = 525 ± 65 nM) (Fig. 4B). 
Consistent with this, Eap23 and Eap34 both inhibited C5b-9 deposition via the CP and LP, 
though Eap34 did so at levels closer to Eap in both assays (Fig. 4C). In summary, the facts 
that (i) none of the individual Eap domains manifested clear C4b-binding or inhibitory 
properties against either the CP or LP, (ii) Eap12 bound C4b nearly 100-fold more weakly 

Figure 4. The third domain of Eap is necessary for C4b binding and inhibition of the CP/LP. (A) Dia-
gram of full-length and domain-deleted forms of Eap used to map functional sites within Eap. (B) The ability 
of untagged Eap, Eap12, Eap23, Eap34, and an equimolar mixture of individual Eap domains (Eap MIX) to 
compete the AlphaScreen signal generated by myc-Eap and C4b-biotin was assessed over a logarithmic dilution 
series. While three independent trials were carried out, the data presented here are from a single representative 
titrations. The smooth line indicates the outcome of fi tting all points to a dose-response curve when competition 
was observed. Legend is inset. (C) The effect of including 1 μM Eap, or various truncations thereof, on C5b-9 
deposition on ELISA plates coated with either CP- (left) or LP-specifi c (right) activators. 1% (v/v) NHS was 
used as a source of complement components. Error bars represent the mean ± standard deviation of three inde-
pendent experiments. Measures of statistical signifi cance were determined by one-way ANOVA for the various 
Eap truncations versus buffer control alone. *, p≤0.05; **, p≤0.01; ****, p≤0.0001; ns, not signifi cant. 
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than Eap itself and failed to inhibit both the CP and LP on its own, and (iii) Eap23 and 
Eap34 both bind C4b and inhibit the CP and LP indicate that domain Eap3 is necessary, 
but not suffi cient for Eap binding to C4b and inhibition of the CP and LP. 

Eap blocks binding of C2 to C4b by interfering with the initial C4b2 interaction
Formation of the CP/LP C3 convertase is a stepwise process that starts with the depo-

sition of surface-bound C4b. Though C4b has no enzymatic activity of its own, it serves 
as a molecular platform fi rst for binding of C2 to yield the C4b2 pro-convertase and then 
for C1s/MASP-dependent cleavage of C2 to generate a fully-active C4b2a convertase1. 
We examined whether Eap binding to C4b would inhibit binding of C2 to C4b, and thus 
disrupt formation of the C4b2 pro-convertase. Indeed, C2 effi ciently diminished the lu-
minescence signal in the AlphaScreen assay generated by myc-Eap and C4b-biotin with 
an apparent  IC50 of 460 ± 32 nM (Fig. 5A). The C2 pro-protease is comprised of two 

Figure 5. Eap binding 
inhibits the interaction 
of C2 with C4b. (A) The 
ability of recombinant 
human C2, C2b, and 
C4BP to compete the 
AlphaScreen signal gen-
erated by myc-Eap and 
C4b-biotin was assessed 
over a logarithmic dilu-
tion series. While three 
independent trials were 
carried out, the data pre-
sented here are from a 
single representative ti-
tration. The smooth line 
indicates the outcome 
of fi tting all points to 
a dose-response curve. 
(B) Representative data 
from an SPR competi-
tion experiment where 
the effect of 1 μM Eap 
on the interaction of 200 
nM C2 with a C4b-biotin 
surface was examined. 
The residual C2 binding 
in the presence of Eap is 
shown as a dashed line, 

while the sensorgram for the same concentration of C2 in the absence of any Eap is shown as the darkest black 
line. (C) Residual C2 binding in the presence of various concentrations of Eap fi t to a dose-response curve (IC50 
= 50 nM). (D) Identical experiment to (A), with the exception that the ability of recombinant human C2, C4BP, 
and Eap to compete the AlphaScreen signal generated by myc-Eap34 and C4b-biotin was assessed. (E) Identical 
experiment to (B), with the exception that Eap34 was used as the competitor instead of Eap. The residual C2 
binding in the presence of Eap34 is shown as a dashed line, while the sensorgram for the same concentration 
of C2 is shown as the darkest black line. (F) Residual C2 binding in the presence of various concentrations of 
Eap34 fi t to a dose-response curve (IC50 = 870 nM). 
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functionally discrete regions. Whereas the larger C2a region houses its serine protease 
module, the smaller C2b fragment provides the molecular basis for its initial interaction 
with C4b21,22. We therefore tested whether Eap inhibition of C2 binding to C4b might 
arise from disrupting the C4b2b interaction using the same AlphaScreen assay system 
described above. Although C2b bound to C4b with approximately 7.6-fold lower affi nity 
than full-length C2 (IC50 = 3.5 ± 0.6 μM), it still effectively competed with Eap for C4b 
binding (Fig. 5A). Together, these data show that Eap shares a common binding site on 
C4b with C2 and, further, that this C4b site is also important for forming the initial inter-
action that gives rise to the CP/LP C3 pro-convertase, C4b2. 

 To test this inhibitory mechanism through an alternative approach, we devised an 
SPR strategy to investigate the outcome of increasing Eap concentrations on the ability 
of a C4b-biotin surface to bind C2 (Fig. 5B). In this experiment, if C4b were capable of 
binding Eap and C2 independently of one another, then the sensorgrams characteristic of 
the specifi c concentrations for each analyte alone would be strictly additive. Injection of 
200 nM C2 in the presence of Eap resulted in a diminished response from what would be 
expected from two independent analytes, however. When the residual C2 contribution to 
the SPR signal from six different observations was fi t to a dose-response curve as a func-
tion of Eap concentration, we obtained an IC50 value of approximately 50 nM (Fig. 5C). 
Since this fi gure is in reasonably good agreement with the Kd of the C4b/Eap interaction 
(185 nM, as determined by AlphaScreen (Fig. 3B)), the outcome of this set of experi-
ments provided an independent confi rmation of the results presented in Fig. 5A above.

The requirement of Eap3 for both C4b binding (Fig. 4B) and inhibition of CP/LP ac-
tivity (Fig. 4C) suggested that the ability to inhibit C4b2 binding should also be intrinsic 
to a minimal functional region of the Eap protein. To test this hypothesis, we established 
another AlphaScreen assay system where the ability of various ligands to inhibit the lumi-
nescence signal generated by myc-Eap34 binding to C4b-biotin could be assessed quan-
titatively. Using this approach, we determined that full-length C2 likewise competed with 
Eap34 for a binding site on C4b with an apparent IC50 of 180 ± 31 nM (Fig. 5D). While 
this apparent IC50 represents somewhat tighter binding than was observed for C2 com-
peting the myc-Eap C4b-biotin pair (460 ± 32 nM), the higher noise level inherent to this 
latter assay may have affected the accuracy of fi tting these data. Nevertheless, a repeat 
of the SPR competition assay, this time using Eap34 instead of full-length Eap, yielded 
similar results to those obtained previously (Fig. 5E). When the residual C2 contribution 
to the SPR signal from six different observations was fi t to a dose-response curve as a 
function of Eap34 concentration, we obtained an IC50 value of approximately 870 nM 
(Fig. 5F). Again, this value is in good agreement with the Kd of the C4b/Eap34 interac-
tion (525 nM, as determined by AlphaScreen (Fig. 4B)). Thus, the observation that Eap34 
on its own competes with C2 for C4b binding demonstrates that disruption of the initial 
pro-convertase assembly event is necessary for Eap-mediated inhibition of the CP/LP. 

The Eap binding site on C4b represents a functional hotspot within the CP/LP
The CP/LP C3 convertase is only transiently stable when formed and decays with 
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a half-life of approximately 60 s at 37 °C23. This rate of spontaneous decay is greatly 
enhanced in the presence C4BP, which irreversibly dissociates C2a from its C4b scaffold 
and in addition serves as a cofactor for FI-mediated degradation of C4b to iC4b and C4c. 
Since the results presented here demonstrated that Eap effectively inhibits C4b2 binding, 
we examined whether Eap might also disrupt the interaction of C4BP with C4b. Through 
use of the AlphaScreen assay, we found that C4BP also competed with Eap for binding to 
C4b (Fig. 5A). Non-linear curve fi tting of the competition data revealed an apparent IC50 

of 21 ± 3 nM for the C4b/C4BP interaction, which represents approximately 9-fold tight-
er binding when compared to the C4b/Eap interaction (Fig. 3B). This suggests that Eap 
would not disrupt the inhibitory function of C4BP when both are present in equimolar 
concentrations. We obtained a similar result when C4BP was used to compete the lumi-
nescence signal generated by myc-Eap34 binding C4b-biotin (Fig. 5B), where non-linear 
curve fi tting revealed an apparent IC50 of 13 ± 2 nM. It has to be noted, however, that this 
IC50 value refl ects only the apparent affi nity, and does not represent that of the individual 
C4b binding sites present within the polyvalent C4BP assembly24.

Since Eap binds C4b at a similar site as C4BP, we tested whether Eap itself might dis-
play intrinsic cofactor activity to stimulate FI-mediated proteolysis of C4b. When purifi ed 
C4b was incubated with both C4BP and FI, we were able to show rapid degradation of 
C4b into iC4b and then C4c, as judged by SDS-PAGE and LC-MS/MS of tryptic peptides 
derived from various bands on gel (Fig. S3A, top panel, left). However, substitution of 
Eap for C4BP in an otherwise identical assay provided no evidence for proteolysis of C4b 
by FI (Fig. S3A, top panel, right). Thus, while Eap has no intrinsic FI co-factor activity, 
it shares a C4b binding site with multiple factors critical to the function and regulation of 
the CP/LP. We therefore propose that the Eap binding site on C4b represents a functional 
hotspot within the CP/LP, and that this hotspot is analogous to what we previously de-
scribed for the binding site of the SCIN family of AP inhibitors on C3b6,18,20,25. 

DISCUSSION
Although a number of recent studies have described unique mechanisms deployed by 

S. aureus to disrupt and evade human immunity, a large majority of these have focused 
on strategies that specifi cally target components within the complement AP (e.g. C3b). In 
this study, however, we used a biochemical screening strategy to identify S. aureus Eap 
as an inhibitor of both the CP and LP. Inhibition of the CP/LP is specifi c to Eap, since this 
activity is not found in either of its closest structural homologs, EapH1 and EapH2, that 
also adopt the β-grasp fold characteristic of EAP domains9,26. Eap-mediated inhibition of 
the CP and LP occurs directly, since it arises from Eap forming a nanomolar affi nity com-
plex with a shared component of both pathways, C4b. Thus, instead of expressing specifi c 
inhibitors for the CP and LP separately, our results show that S. aureus simultaneously 
disrupts the two most potent complement initiation routes via a single protein, Eap. On 
this basis, we believe that Eap defi nes both a novel mechanism of staphylococcal immune 
evasion and a new class of complement regulatory proteins. 
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A number of other signifi cant bacterial and fungal pathogens have also been shown 

to subvert the activity of CP and LP (Reviewed in3,27). However, nearly all of these or-
ganisms evade the CP and LP via adsorption of the naturally occurring CP/LP regulator, 
C4BP, to their surface via expression of specifi c C4BP binding proteins. This is concep-
tually similar to evasion of the AP through cell-surface adsorption of FH via FH-binding 
proteins, which is very likely the single most widely distributed complement evasion 
strategy among pathogens3,27. Interestingly, the fact that Eap functions not by binding to a 
naturally occurring regulator (i.e. C4BP), but through the altogether distinct mechanism 
of blocking initial stages of CP/LP C3 pro-convertase assembly mirrors what we have 
previously described for S. aureus evasion of the AP (Reviewed in6). Here, expression 
and secretion of factors such as SCIN-A, SCIN-B/-C, Efb, and Ehp/Ecb has been demon-
strated to interfere with one or more of the molecular events required to assemble and/or 
regulate the fully active AP C3 convertase, C3bBb. For whatever reason, it seems that S. 
aureus has taken a unique evolutionary path that has led it to produce multiple inhibitors 
that act by binding directly to either C3b or C4b, which themselves serve as essential 
scaffolds for assembly of all C3 and C5 convertases. Although the possibility that S. au-
reus also absorbs native host regulators FH28 and C4BP29 cannot be discounted, an over-
whelming amount of structural, biochemical, functional, and immunological evidence in 
the literature strongly suggests that direct inhibition of convertase assembly, dynamics, 
and function, rather than indirect disruption via adsorption of fl uid-phase regulators, is of 
paramount importance to S. aureus pathogenesis. 

Figure 6. Proposed mechanism for Eap-mediated inhibition of the CP/LP C3 and its similarities to the S. 
aureus AP inhibitor, Efb-C. The overall structural similarities between C4b and C3b are represented by the 
similar shapes of their cartoon representations. The shaded green rectangle represents the macroglobulin-like 
core, the orange square the C345C domain, the small pink rectangle the CUB domain, and fi lled circle the 
thioester-containing domain (i.e. C4d and C3d). The thin blue rectangle represents the γ-chain unique to C4/b. 
(A) The inhibitor Eap is shown with two domains fi lled in yellow to represent the domains 3 and 4 ‘active site’, 
as described in Figs. 4 and 5. (B) The inhibitor Efb-C is shown as a blue cylinder. Efb-C binding to the C3d 
domain45 and stabilization of an open, inactive conformation of C3b that is unable to bind FB10 is depicted by 
reorientation of the CUB-TED region relative to the macroglobulin-like core of C3b. 
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Our functional data demonstrate that Eap blocks both the CP and LP at the level of 
C3 activation. This inhibition arises from impaired formation of the CP/LP C3 pro-con-
vertase, C4b2, which would subsequently reduce formation of the active CP/LP C3 con-
vertase, C4b2a. The mechanistic basis of CP/LP inhibition by Eap therefore appears very 
similar to AP inhibition by Efb-C, which itself binds to C3b and reduces formation of the 
AP C3 pro-convertase, C3bB, by nearly 80%10 (Fig. 6). An important distinction between 
Eap and Efb-C, however, is that the latter has been shown to act in an allosteric manner10. 
Our observation of direct competition for C4b binding between Eap and both C2 and 
C2b seems to favor a purely steric mechanism for Eap inhibition of CP/LP C3 convertase 
formation, although the possibility of Eap-dependent ‘action-at-a-distance’ type effects 
on C4b cannot be dismissed without signifi cantly more structural insights into these in-
teractions. Still, the fact that Eap also blocks the C4b/C4BP interaction strongly suggests 
that the Eap binding site on C4b constitutes a functional ‘hotspot’ for CP/LP C3 conver-
tase formation, dynamics, and function. This raises some attractive conceptual analogies 
between Eap and the SCIN family of C3b-binding AP C3 convertase inhibitors6,18,20. Fur-
thermore, it also suggests that effective targeting of these functional ‘hotspots’ that exist 
in various host response pathways might be a central theme behind pathogen-specifi c 
evolution of innate immune evasion mechanisms.  

Given its potent effects on the CP and LP, it is perhaps not surprising that Eap has been 
shown to promote staphylococcal virulence in rodent models of both acute peritonitis30, 
as well as chronic arthritis, osteomyelitis, and abscess formation31. Though the precise 
contributions of the CP and LP remain to be fully evaluated in each of these experimental 
systems, the consistent requirement of Eap for maximal levels of staphylococcal vir-
ulence in such studies is diffi cult to ignore. Moreover, the discovery that patients with 
demonstrated S. aureus infections present with high titers of anti-Eap antibodies32, and 
that their titers of anti-Eap IgG correlate with the severity of infection32, strongly sug-
gests that Eap inhibition of the CP/LP is relevant to human disease as well. Along these 
lines, we have recently made the unexpected observation that all staphylococcal EAP 
domain-containing proteins (i.e. Eap, EapH1, and EapH2) are capable of high-affi nity, 
non-covalent inhibition the innate immune serine proteases neutrophil elastase, cathepsin 
G, and proteinase-314. These so-called ‘neutrophil serine proteases’ (NSPs), which are 
stored in azurophilic granules and released upon neutrophil activation, serve a number 
of crucial roles in both neutrophil effector functions and in the innate cellular response 
against invading microorganisms such as S. aureus33. The fact that complement activity 
is based upon a series of site-specifi c proteolyses seems to suggest that EAP domain-me-
diated inhibition of NSPs must share basic molecular-level features with inhibition of the 
CP/LP by Eap. However, our observations that (i) CP/LP inhibition is specifi c to Eap, 
and not intrinsic to all EAP domains (Figs. 1 and 2), (ii) this inhibition is based upon the 
unique ability of Eap to bind C4b (Figs. 3 and 4), and (iii) Eap blocks, rather than pro-
motes recruitment of the C2 pro-protease to C4b (Fig. 5), as might otherwise be expected 
for a high-affi nity protease inhibitor14, argue that the structural basis for Eap’s effects on 
the CP/LP must be altogether distinct from EAP domain inhibition of NSPs. Understand-
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ing the nature of these distinctions at the structural level should therefore prove to be a 
very informative endeavor. 

Though much remains to be learned in that regard, it is already abundantly clear that 
a number of debilitating and potentially lethal human diseases have been linked to either 
acute or chronic overactivation of the complement CP and/or LP34–36. Among these are 
ischemia/reperfusion injuries, rheumatoid arthritis, systemic lupus erythematosus, multi-
ple sclerosis, and even Alzheimer’s disease. Since many of these diseases are only poorly 
managed by current therapeutic regimens, our discovery of Eap as a potent CP/LP inhibi-
tor raises the possibility that improved treatment of these conditions might come through 
further detailed study of Eap, its molecular interactions, and its ability to specifi cally 
attenuate CP/LP activity in vivo. Since high levels of anti-Eap antibodies are found in 
even healthy persons32, direct use of Eap as a therapeutic is unlikely, due to greatly in-
creased risk of immune complex disease. Thus, future work aimed at discovering either 
non-immunogenic peptides, peptidomimetics, or even small molecules that retain Eap-
like inhibitory activities on the CP/LP will be necessary to exploit Eap’s promise within 
these areas. 
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MATERIALS AND METHODS
Preparation of Native and Recombinant Proteins

Human serum proteins C3, C3b, C4, C4b, C1s, C4b-binding protein (C4BP), and factor I (FI) were ob-
tained in purifi ed form from Complement Technologies (Tyler, TX). Recombinant forms of C2 and C2b were 
expressed and purifi ed from the conditioned culture medium of transiently transfected human embryonic kidney 
(HEK)-293 cells according to the general methods described previously37. All recombinant S. aureus proteins 
were overexpressed and purifi ed according to the general methods described previously38, with the exception 
that recombinant, full-length Eap was prepared according to the published protocol of Xie et al.13. 

Human Derived Materials
Blood was drawn from healthy adult volunteers after obtaining informed consent and approval of the pro-

tocol by the medical-ethical committee of the University Medical Center Utrecht (Utrecht, The Netherlands). 
Normal human serum (NHS) was isolated as described before39 and frozen at -80 °C until needed for further 
use. For neutrophil preparation, heparinized vacutainers (Becton Dickinson) were used and neutrophils were 
isolated over a fi col/histopaque gradient as described previously40. 
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Complement Pathway Activity on an Artifi cial Surface
Functional activity of the CP, LP and AP was determined essentially as described11. In short, Nunc-Max-

isorb ELISA plates were coated overnight to specifi cally activate the CP (coated with 3 μg/ml human IgM 
(Calbiochem)), LP (coated with 20 μg/ml Saccharomyces cerevisiae mannan (Sigma)), or AP (coated with 20 
μg/ml Salmonella enteriditis LPS (Sigma)). Plates were blocked with 1% (w/v) BSA in PBS with 0.05% (v/v) 
Tween 20 (Merck). The indicated percentages of NHS or mouse serum (Innovative Research) were incubated 
with 1 μM of recombinant S. aureus proteins in the appropriate assay buffers for a maximum of 5 min at 25 °C 
(veronal-buffered saline (VBS) at pH 7.5 with 0.1% (w/v) gelatin, 500 μM CaCl2, and 250 μM MgCl2 for CP 
and LP; VBS at pH 7.5 with 0.1% (w/v) gelatin, 5 mM MgCl2, and 10 mM EGTA for AP). Deposited C3b, C4b, 
and C5b-9 were detected with specifi c antibodies (0.1 μg/ml -human C3c WM-1 clone digoxigenin (DIG) 
labeled or 1 μg/ml rat--mouse C3 (Hycult, HM1078), American Type Culture Collection; 1 μg/ml C4d, 
Quidel; 1 μg/ml C5b-9 aE11, Santa Cruz respectively). Secondary, HRP-labeled antibodies were detected with 
100 μg/ml tetramethylbenzidine and 60 μg/ml ureum peroxide in 100 mM sodium acetate buffer at pH 6.0. The 
reaction was stopped by adding an equal volume of 2 M H2SO4, and the absorbance at 450 nm was measured 
using a BioRad microplate reader.

Complement Deposition on S. aureus
S. aureus Newman WT or Δeap (MR1811)14 were grown on a blood-agar plate overnight at 37 °C. Bacte-

ria were resuspended in assay buffer (20 mM HEPES (pH 7.4) with 140 mM NaCl, 0.5 mM CaCl2, 0.25 mM 
MgCl2, and 0.1% (w/v) BSA). Eap (1 μM) was added to the indicated concentrations of NHS and this mixture 
was added directly to the bacteria (8 x 106 CFU) in a total volume of 100 μl and incubated at 37 °C with shaking 
for 10 min. Unbound components were washed away with assay buffer and deposited C3b was quantifi ed by 
fl ow cytometry (FACS Verse, BD) by using the specifi c FITC-conjugated goat F(ab’)2 anti-human-C3 (Protos 
Immunoresearch, Burlingame, CA).

Phagocytosis Assays
S. aureus Newman WT or Δeap transformed with pCM2941, a vector inducing constitutive expression 

of superfolded GFP (sGFP) under the sarA promotor, was grown in Todd-Hewitt broth (THB) until an OD600 
of 0.5. Bacteria were washed with RPMI-1640 (Invitrogen) supplemented with 0.05% (w/v) human serum 
albumin (HSA; Sanquin), aliquoted, and stored at -80 °C until use. Eap, EapH1 or EapH2 (1 μM) was added to 
the indicated concentrations of NHS in RPMI/HSA and directly added to the thawed bacteria (2.5 x 106 CFU) 
Then, 2.5 x 105 isolated neutrophils were added to obtain a total volume of 250 μl and incubated at 37 °C with 
shaking at 600 rpm for 15 min. The reaction was stopped by adding 100 μl ice-cold 2% (v/v) paraformaldehyde. 
Phagocytosis was assessed by fl ow cytometry (FACS Verse, BD). Graphs show the percentage of GFP-positive 
neutrophils. The fl uorescent signal exclusively originated from intracellular bacteria, as verifi ed by confocal 
microscopy.

Neutrophil-mediated Killing
S. aureus Newman WT or Δeap were grown in THB to OD660 of 0.5 (corresponding to 2 x 108 CFU/ml). Eap 

was added in 1 μM and 10 % NHS was added for 15 min at 25 °C in RPMI/HSA to allow for opsonization. Op-
sonized bacteria (5 x 104 CFU) were incubated with 9 x 104 neutrophils in 100 μl RPMI/HSA. The reaction was 
stopped at the indicated time points with 900 μl ice-cold 0.1% saponin (w/v). After 15 min. the samples were 
resuspended via a 25-Gauge needle, to assure lysis of the neutrophils42. Surviving bacteria were enumerated by 
plating serial dilutions on Luria broth-agar plates.

Eap Affi nity Isolation of Human Serum Proteins
A recombinant form of Eap that harbored a single, N-terminal cysteine was expressed and purifi ed from 

E. coli similarly to wild-type Eap13. Eap produced in this manner was site-specifi cally biotinylated using EZ-
link Maleimide-PEG2-Biotin reagent according to manufacturer’s suggestions (ThermoFisher, Inc.). Following 
derivatization, 2 μg of Eap-biotin were added to samples containing either 20 μl EDTA serum or C4-depleted 
serum (Complement Technologies), and an appropriate quantity of PBS to give a fi nal volume of 100 μl. The 
samples were incubated for 1 h at room temperature, after which time 30 μl of 50% (v/v) slurry of magnetic 
streptavidin-coated Dynabeads were added (Invitrogen, Inc.). Following an additional 15 min incubation, the 
beads were isolated via a magnet, washed three times with 100 μl of PBS, and all remaining liquid was removed 
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by aspiration. 15 μl of non-reducing Laemmli buffer were added to each sample, and 5 μl of each sample were 
analyzed by SDS-PAGE followed by staining with Coomassie Brilliant Blue. 

Stoichiometry and Molecular Weight Estimations
The apparent molecular weight and stoichiometry of the C4b/Eap complex was determined by a combina-

tion of size-exclusion chromatography and sedimentation equilibrium analytical ultracentrifugation. For chro-
matographic analysis, samples consisting of either C4b or C4b/Eap (20 μM fi nal concentration) were prepared 
and 100 μl were injected at 0.75 ml/min onto a Superdex S200 Increase 10/30 column that had been previously 
equilibrated at 4 °C in a buffer of PBS. The contents of peak fractions were analyzed by Coomassie-stained 
SDS-PAGE of samples that had been prepared under non-reducing conditions. For sedimentation equilibrium 
analysis, all experiments were performed using a Beckman XL-I ultracentrifuge with a four-position analyti-
cal, titanium (AN-Ti) rotor. Protein solutions (1.6 μM C4b or C4b/Eap complex in PBS; 110 μl) and dialysate 
buffer (PBS; 120 μl) were placed in the double-sector centrifuge cells. The samples were equilibrated at 4 °C 
at 6,000 rpm and the approach to equilibrium was monitored by repetitive absorption scans at 280 nm every 6 
h. The apparent equilibrium was reached after ~ 60 h. After the fi nal data collection, the rotor was accelerated 
to 42,000 rpm for ~ 2 h and the cells were scanned to obtain the baseline absorption value. Data were analyzed 
with the software supplied with the instrument (Beckman-Coulter, Inc.). Both the protein partial specifi c volume 
and buffer density were calculated using Sednterp software (http://bitcwiki.sr.unh.edu/index.php/Main_Page).

Biotinylation of C4b
Biotinylated C4b was prepared by overnight, room-temperature incubation of native C4 (1 mg/ml fi nal 

concentration) with C1s (5 μg/ml fi nal concentration) in the presence of EZ-link Maleimide-PEG2-Biotin re-
agent according to manufacturer’s suggestions (ThermoFisher, Inc.). The reaction mixture (250 μl in PBS (pH 
7.0)) was buffer exchanged into 20 mM tris (pH 8.0), applied to a 1 ml Resource Q anion exchange column (GE 
LifeSciences), and the bound proteins eluted with a gradient to 1 M NaCl over 10 column volumes. Fractions 
containing biotinylated-C4b were identifi ed and characterized by a combination of SDS-PAGE and Western 
blotting using streptavidin-conjugated HRP (ThermoFisher, Inc.). Purifi ed C4b-biotin was pooled, quantifi ed 
spectrophotometry, and stored at 4 °C in the existing buffer until further use. 

AlphaScreen Binding Assays
An AlphaScreen equilibrium competition assay was used to derive both positional information and appar-

ent dissociation constants for C4b binding to various complement components and staphylococcal inhibitors. 
This assay system is based upon modifi cation of a previously published protocol18 and is established via the 
following principle: a luminescence signal is generated by laser excitation of a streptavidin-coated donor bead, 
which recognizes C4b-biotin that binds directly to a second target protein (in this case myc-Eap), which itself 
can be adsorbed to an acceptor bead coated with anti-c-myc monoclonal IgG. C4b/Eap competition binding 
assays were carried out in a total volume of 25 μl by adding each assay component to the following fi nal con-
centrations: 50 nM myc-Eap, 5 nM C4b-biotin, 20 μg/μl anti-c-myc AlphaScreen acceptor beads, and 20 μg/
μl AlphaScreen donor beads. A dilution series was prepared for each unlabeled competitor protein of interest. 
Reactions were performed over 2.5 h and were begun by incubating the C4b-biotin, myc-Eap, and a given 
concentration of each competitor protein for 1 h. Following this, the acceptor beads were added, incubated for 
an hour, then the donor beads were added and incubated for an additional 0.5 h. At that point, the donor beads 
were excited at 680 nm and the evolving AlphaScreen signal (photon counts/s at 630 nm) for each data point 
was measured using an EnSpire multimode plate reader (Perkin Elmer Life Sciences). Data analysis and curve 
fi tting was carried out as previously described18.

Surface Plasmon Resonance Experiments
Interactions between C4b-biotin and the S. aureus proteins Eap, EapH1, and EapH2 were measured by sur-

face plasmon resonance (SPR) using either a BiaCore X or BiaCore 3000 instrument (GE Life Sciences) at room 
temperature. PBS-T (i.e. PBS (pH 7.0) with 0.005% (v/v) Tween-20) was used as the running buffer throughout 
the entire set of experiments. C4b-biotin was captured on a streptavidin sensor chip (GE Life Sciences) to a 
density of approximately 5,000 resonance units (RU). Ligands were diluted to their working concentrations in 
PBS-T. For comparison of EAP-domain proteins’ binding to C4b, samples were prepared at 1 and 10 μM and in-
jected for 1 min at a fl ow rate of 20 μl/min, followed by a dissociation phase of 2 min. Signals were normalized 
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to the molecular weight of each respective analyte to allow for a ranking of Eap, EapH1, and EapH2 relative 
affi nities for C4b. Surface regeneration was achieved by injecting a solution of 1 M NaCl. Data analyses were 
carried out using the BiaEvaluation software suite (GE Life Sciences). 

An SPR assay was also used to assess the competition between Eap and C2 for binding to C4b20. Briefl y, a 
C4b-biotin surface was prepared as described above and a room temperature running buffer of HBS-CMT (20 
mM HEPES (pH 7.4), 150 mM NaCl, 5 mM CaCl2, 5 mM MgCl2, and 0.005% (v/v) Tween-20) with a fl ow rate 
of 20 μl/min was used for all injections. C2 was injected in triplicate at a concentration of 200 nM to establish 
a basal level of C2 binding. This concentration was held constant for the competition experiments, which were 
carried out by varying either the Eap or Eap34 concentration over six points from 5000 nM to 8 nM. To calcu-
late residual C2 binding, the sensorgram of the corresponding Eap/Eap34 injection alone was subtracted from 
the Eap/Eap34+C2 injection series. The averaged response for the 5 s preceding the injection stop was plotted 
against the concentration of Eap/Eap34 and fi t to a dose-response inhibition curve by non-linear regression as 
previously described18. Regeneration of the surface was carried out with 2 M NaCl for 2 min followed by 0.2 
M sodium citrate for 2 min. 

FI Proteolysis Assay
Sequential FI-dependent proteolysis of C4b to iC4b and C4c was monitored by an SDS-PAGE based meth-

od. A sample of C4b (0.4 μg/μl in PBS) was incubated with purifi ed FI (0.01 μg/μl) either in the presence or 
absence of C4BP (0.09 μg/μl), and/or various concentrations of Eap (0, 0.01, 0.06, and 0.6 μg/μl, respectively). 
Aliquots refl ecting the time-course of proteolysis were withdrawn at 0, 2, 5, 10, and 20 min, and the reaction 
was quenched by addition of Laemmli sample buffer with β-mercaptoethanol to reduce disulfi de bonds. Sam-
ples were separated on a 10% (w/v) tris-tricine polyacrylamide gel and stained with Coomassie blue. Excised 
gel bands were reduced, alkylated and subjected to in-gel trypsin digestion by standard methods, and extracted 
peptides were analyzed by tandem MS as described previously43. Identifi cation of activated C4 fragments was 
accomplished using Mascot 2.4 (Matrix Science, Ltd.) with semi-trypsin specifi city. Individual band staining 
intensities and ratios were quantifi ed by ImageJ44. 

Statistics
All analyses were performed in GraphPad Prism 6.0.
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SUPPLEMENTAL INFORMATION
Accompanying text for Figure S3

Addition of equimolar concentrations of both C4BP and Eap to this assay appeared to slow the rate of FI 
proteolysis (Fig. S3A, bottom panel left). This likely resulted from competition between Eap and C4BP for the 
same binding site on C4b, which consequently reduced the effective concentration of substrate available to FI 
since Eap does not have intrinsic cofactor activity (Fig. S3A, top panel right). To explore the functional conse-
quences of Eap competition with C4BP in more detail, we carried out a set of studies wherein the molar r atio of 
Eap to C4BP was varied between 0, 0.1, 1.0, and 10 (Fig. S3B, top panel). Signifi cant inhibition of FI-mediated 
proteolysis appeared to occur only when Eap was present at 10-fold higher concentration than C4BP (Fig. S3B, 
bottom panel). The requirement of such a high level of Eap to disrupt C4BP activity was most likely due to the 
weaker affi nity of Eap for C4b and its lack of polyvalency, as it forms equimolar complexes with C4b. Thus, 
while Eap competes with C4BP for the same recognition site on C4b, it has no cofactor activity of its own, nor 
does competition with C4BP appear to be essential to its effects on the CP/LP of complement.
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Figure S1. Supporting information on Eap inhibition of 
CP/LP and phagocytosis. (A) Eap inhibits the murine CP and 
LP. The effect of 1 μM Eap, EapH1, or EapH2 on CP (left) 
and LP-mediated (right) complement activation was measured 
across a dilution series of serum concentrations. Activation 
was detected as C3b deposition on an ELISA plate surface. 
(B) Eap is present on the surface of cells of a WT but not a 
Δeap S. aureus strain. Bacteria were grown to stationary phase 
in liquid culture and harvested by centrifugation. After wash-
ing, Laemmli sample buffer with DTT was added to an equal 
volume of cell suspension and the samples were analyzed on 
a 12.5% (w/v) glycine polyacrylamide gel. Eap was detected 
by Western blot with 1:20.000 diluted rabbit-α-Eap serum and 
an HRP-labeled secondary antibody. A control experiment was 

performed to ensure that the same amount of bacteria were present in each sample by plating serial dilutions 
of each sample immediately prior to adding the Laemmli buffer. Note that proteolytic degradation of Eap into 
various combinations of adjacent subdomains has been reporter elsewhere, and is due to protease sensitivity 
of the interdomain linkers27. (C) Phagocytosis of S. aureus Newman Δeap using 1% (v/v) NHS as a source of 
complement components and the indicated concentrations of Eap.

(on next page) Figure S2. Supporting information on Eap binding to C4 and its derivatives. (A) Affi nity 
isolation of C4 from human serum. Biotinylated Eap was used as an affi nity reagent to identify potential binding 
partners in both normal and C4-depleted human serum. Following capture of Eap-biotin by magnetic strepta-
vidin beads and a series of washes, the bound proteins in both samples were separated by SDS-PAGE under 
non-reducing conditions. A band of approximately 200 kDa was found in the lane corresponding to normal but 
no C4-depeleted serum, strongly suggesting that Eap binds to native C4. (B) The ability of C4, C4b, and C4c to 
compete the AlphaScreen signal generated by myc-Eap and C4b-biotin was assessed over a logarithmic dilution 
series. While three independent trials were carried out, the data presented here are from a single representative 
titration. The smooth line indicates the outcome of fi tting all points to a dose-response curve. (C) Sedimentation 
equilibrium analytical ultracentrifugation analysis of C4b and C4b/Eap.Experimental data were obtained as 
described in Materials & Methods for C4b (left) and an equimolar mixture of C4b/Eap (right). Equilibrium 
profi les were fi t to a single particle model to yield the observed molecular weight for both C4b (268 kDa) and 
C4b/Eap (308 kDa). The top plots in both panels show the random residuals for the respective fi ts. 

Supplemental fi gures
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Figure S3. Eap lacks FI-cofactor activity and only weakly impacts C4BP cofactor activity. (A) The ef-
fect(s) of including C4BP (top, left), Eap (top, right), both (bottom, left), or neither (bottom, right) on FI-medi-
ated proteolysis of C4b. Aliquots of each reaction series (indicated) were withdrawn over the course of 20 min 
and the proteins were analyzed by SDS-PAGE. (B) The effect of varying the molar ratio of Eap to C4BP on 
FI-mediated proteolysis of C4b. Aliquots of each reaction series (indicated) were withdrawn at 0 and 2 min, and 
the proteins were analyzed by SDS-PAGE. The identity of various bands, as determined by mass-spectrometry, 
is indicated (top). The ability of Eap to inhibit C4BP-dependent cleavage of C4b by FI was quantifi ed by den-
sitometry of the α’ chain bands before and after the reaction (bottom). Additional interpretation is provided in 
the Accompanying Text above. 

Figure S2.
(legend on previous 
page)
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ABSTRACT
Infections with the human pathogen Staphylococcus aureus can only be overcome 

with the help of neutrophils. Even though neutrophils heavily rely on their neutrophil 
serine proteases (NSPs) to execute their antimicrobial functions, the direct role of these 
NSPs in defense against S. aureus has never been unambiguously determined. Recent 
work has established that S. aureus secretes a family of NSP inhibitors, consisting of the 
extracellular adherence protein (EAP)-domain proteins Eap (50 kDa), EapH1 (12 kDa), 
and EapH2 (13 kDa). With these, the bacterium can prevent degradation of its secreted 
virulence factors. Since NSPs are also involved in other neutrophil functions, we further 
evaluated the effect of EAPs on two functions of neutrophil elastase (NE), as best-charac-
terized NSP. First, NE is indispensable in the formation of neutrophil extracellular traps 
(NETs), which can prevent bacteria from spreading. Here we show that both recombinant 
Eap, and endogenously expressed EAPs slow down the formation of NETs. Second, NE 
infl uences the migration of neutrophils towards the site of infection. Here we show, as 
a proof of principle, that NE cleaves one of the involved endothelial receptors (ICAM-
1) and that this cleavage is inhibited by all three EAPs in vitro. In vivo, we confi rmed 
that endogenous Eap inhibits neutrophil migration. However, additionally knocking out 
EapH1 and EapH2 from bacteria did not further affect the levels of neutrophil migration. 
Altogether, the two processes we examined here, i.e. NET formation and neutrophil mi-
gration, might be inhibited by one or more of the EAPs, promoting virulence of S. aureus.
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INTRODUCTION
Infections with the opportunistic pathogen Staphylococcus aureus are an increasingly 

common burden both in health-care facilities and in the community due to the raise of 
antibiotic resistant strains1. Whereas this Gram-positive bacterium harmlessly colonizes 
over 30% of the population, it can cause serious diseases like pneumonia and sepsis after 
breaching the mechanical barriers of the immune system2. Neutrophils are indispensable 
in fi ghting these beginning infections, for which they rely on the antimicrobial molecules 
stored in their numerous granules. The azurophilic granules contain the neutrophil serine 
proteases (NSPs) that include neutrophil elastase (NE), proteinase 3 (PR3), and cathepsin 
(CG). These NSPs play important roles in the multiple antibacterial strategies of neu-
trophils. For example, NE degrades the E. coli outer membrane protein (OmpA), which 
induces loss of membrane integrity and bacterial disintegration3. NSPs can also indirectly 
target bacteria by breaking down their virulence factors4. The resulting reduced virulence 
enables other arms of the immune system to clear the bacteria. In addition to these mi-
crobial substrates, NSPs cleave targets within the immune system itself to orchestrate the 
immune response towards more effi cient bacterial clearance5. 

As opposed to E. coli, direct killing of S. aureus by NSPs has never been demon-
strated3,6. Nevertheless, recent work indicates that S. aureus protects itself from NSPs by 
secreting a family of potent NSP inhibitors. This family of extracellular adherence protein 
(EAP)-domain proteins consists of Eap and its two homologues (EapH1 and EapH2)7. In 
order to pinpoint the contribution of these EAPs to S. aureus virulence, we constructed 
two markerless mutant strains (i.e. S. aureus Δeap and S. aureus ΔeapΔH1ΔH2). By us-
ing these strains, we showed that Eap protects staphylococcal virulence factors against 
degradation by NSPs (CHAPTER 4, this thesis). Moreover, both strains showed diminished 
virulence in two different animal infection models7 (CHAPTER 4, this thesis). Obviously, 
degrading virulence factors is not the only antimicrobial function of NSPs. Therefore, we 
now examine the effect of EAPs on two other immune processes that are mediated by 
neutrophil elastase (NE), as prototype NSP.

One important role of NE in immune defense is the initiation of neutrophil extra-
cellular trap (NET) formation. NETs are the neutrophil’s last resort to disarm bacteria8. 
Their formation, NETosis, is initiated by a stimulus that induces nuclear decondensation. 
Subsequent disintegration of the nuclear and granular membranes ensures intracellular 
mixing of DNA with granular, antimicrobial molecules. Finally, the plasma membrane 
is disrupted and this meshwork of DNA is excreted to entrap invading bacteria8. Recent 
insights reveal that proper NET formation requires translocation of NE from the granules 
to the nucleus, where it cleaves histones to promote nuclear decondensation9. Since NETs 
are believed to aid in the immune response by entrapping, or even killing, bacteria, we 
wondered whether the EAPs would infl uence NET formation. 

The second immune process regulated by NSPs is transmigration of neutrophils10. 
Upon infection, neutrophils need to migrate towards the site of infection in order to kill 
bacteria. Therefore, they fi rst roll over the activated endothelium, fi rmly attach to the 
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endothelial cells, transmigrate over the endothelial cell layer and then detach to pro-
ceed to the actual site of infection11. Firm attachment of neutrophils to the endothelium 
is, amongst others, mediated by the interaction of neutrophilic complement-receptor 3 
(CR3) with the endothelial intercellular adhesion molecule-1 (ICAM-1). Previous stud-
ies have suggested that Eap binds ICAM-1, which would prevent neutrophils to fi rmly 
attach to the endothelium, and that it would thereby inhibit neutrophil recruitment12. In-
terestingly, other reports have shown that ICAM-1 is cleaved by NE, presumably after 
the transmigration of neutrophils. This would allow the detachment of neutrophils and 
enable them to proceed towards the site of infection13,14. We here explore the possibility 
that the previously observed effect of Eap on neutrophil migration might depend on the 
inhibition of NE.

RESULTS
EAPs inhibit NET formation

Since NE was recently shown to be required for NET formation, and since Eap inhib-
its NE, we tested the infl uence of Eap on NETosis. We stimulated purifi ed, human neu-
trophils with phorbol myristate acetate (PMA) in the presence or absence of recombinant 
Eap. The NETs were visualized at various time points by staining the extracellular DNA 
with both DAPI and histone-DNA-complex antibodies15. During normal NETosis, fi ve 
stages can be discriminated, characterized by the appearance of the neutrophils’ nuclei 
when stained with DAPI and histone-DNA-complex antibodies: (1) unstimulated neutro-
phils show a lobed nucleus; (2) upon PMA stimulation, these nuclei condense and lose 
their lobed appearance; (3) the nucleus further decondenses and swells to form a puffy 
nucleus; (4) the neutrophils form small NETs, in which the extracellular DNA is still in 
close proximity of the original nucleus; (5) the extracellular DNA stretches further out 
and forms elongated NETs. In the third stage, the plasma membrane loses its integrity, 
which allows the histone-DNA antibody to gain access to the DNA. This is the fi rst stage 
recognized as NET formation (Fig. 1A). In the presence of Eap, the number of nuclei that 
formed NETs was not affected. However, the area covered with the extracellular DNA did 
seem to decrease in the presence of Eap (Fig. 1B). Comparison of the microscopy pictures 
used for these quantifi cations shows that Eap seemed to halt neutrophils halfway in their 
process of NET formation; i.e. the image of NETs with Eap after 4 h resembles the small 
NETs already visible after 2 h in the samples without Eap (Fig. 1C). 

Figure 1. EAPs alter NET formation. (A) Examples from the different stages of NET formation, used to 
quantify NET formation. Unstimulated, decondensed (both counted as no NET), “puffy” cells, small NETs, 
wide NETs (all counted as NET-forming nuclei). (B) Quantifi cation of nuclei that formed NETs after 4 h of in-
cubation (left) and the area covered by these NETs over time (right). (C) NET formation in presence or absence 
of recombinant Eap over time. These are representative pictures of the experiment in (B). (D) Quantifi cation of 
NET formation induced by WT or eap-mutant bacteria. (E) LDH release by neutrophils when NET-formation 
was induced; same samples as in (D). (F) NET formation induced by WT or eap-mutant bacteria. These are rep-
resentative pictures of two of the experiments in (E). Results represent data of three independent experiments. 
Groups are compared with a two-tailed Student’s t-test in (B) and (D).
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Since PMA is a very artifi cial stimulus for NET formation, we also evaluated the 
infl uence of EAPs on NETosis induced by bacteria. We compared the amount of NETs 
induced by WT bacteria (expressing all EAPs), with Δeap bacteria (expressing only 
EapH1 and EapH2), and with ΔeapΔH1ΔH2 bacteria (expressing no EAPs)7. Interest-
ingly, under these conditions the EAPs appeared to inhibit the number of nuclei that 
form NETs, as seen by the increased number of NET-forming nuclei induced by the 
ΔeapΔH1ΔH2-mutant bacteria compared to the WT bacteria (Fig. 1D). This increased 
proportion of NET-forming nuclei was not caused by higher bystander cell death, as seen 
from the levels of released lactate dehydrogenase (LDH) during the incubation (Fig. 1E). 
Examination of the microscopy images illustrated that in the presence of EAPs (WT bac-
teria) some nuclei formed NETs, but many adjacent nuclei seemed only decondensed. In 
the absence of EAPs (ΔeapΔH1ΔH2), however, all nuclei formed NETs, or at least had 
a puffy appearance (Fig. 1F). Altogether, these results show that NET formation appears 
to be slowed down or inhibited by the EAPs, though the exact mechanism through which 
this occurs remains unclear.

EAPs inhibit the cleavage of ICAM-1
Previous studies showed that ICAM-1 is a substrate for NE14. To address whether the 

EAPs might affect neutrophil migration by inhibiting NE activity, we fi rst determined 
whether they could inhibit ICAM-1 cleavage in vitro. We incubated recombinant ecto-
domain of ICAM-1 with purifi ed NE and analyzed the cleavage on immunoblot. This 
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Figure 2. ICAM-1 cleavage by NE is inhibited by the EAPs. (A) Immunoblot analysis of ICAM-1, cleaved 
by NE in absence or presence of EAPs. (B) Detection of ICAM-1 coated on ELISA-plate wells after incuba-
tion with NE in absence or presence of EAPs. (C) Flow-cytometric analysis of surface-expressed ICAM-1 on 
epithelial EA.hy926 cells. Cells were incubated with NE, with or without EAPs. Results are representatives 
of three independent experiments (A-B), or refl ect the mean of fi ve independent experiments (C). Statistical 
signifi cance was tested with a non-parametric one-way ANOVA, in which all columns were compared to the 
buffer column (C).
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showed that ICAM-1 was cleaved by NE in solution. Furthermore, addition of the re-
combinant EAPs inhibited the cleavage (Fig. 2A). To determine whether cleavage of 
surface-bound ICAM-1 could also be inhibited by the EAPs, we studied cleavage of 
ICAM-1 in an ELISA-based approach. We immobilized the ectodomain of ICAM-1 and 
subsequently incubated this with NE, in presence or absence of EAPs. Remaining ICAM-
1 was detected with a monoclonal antibody against CD54. NE-cleaved ICAM-1 could no 
longer be detected, whereas the EAPs restored the detection. This indicated that also sur-
face-immobilized ICAM-1 cleavage is inhibited by the EAPs (Fig. 2B). Lastly, to more 
closely mimic the physiological situation, we induced ICAM-1 expression on epithelial 
EA.hy926 cells. Incubation with NE induced loss of ICAM-1 staining, whereas the addi-
tion of the EAPs restored the ICAM-1 signal as measured by fl ow cytometry (Fig. 2C). In 
conclusion, these results clearly demonstrate that cleavage of ICAM-1 in vitro is inhibited 
by Eap, EapH1, and EapH2.

Eap blocks neutrophil recruitment in vivo
To explore whether the inhibition of ICAM-1 cleavage would be important in vivo, 

we repeated a previously reported murine, intraperitoneal (i.p.) infection model12. In this 
model, Chavakis et al. found that Eap inhibits neutrophil recruitment after 5 hours of in-
fection. These investigators quantifi ed the number of neutrophils recovered from the peri-
toneum during infection with WT bacteria vs. an eap-insertion mutant strain. We extended 
this model by using our markerless eap-mutant strains (Δeap and ΔeapΔH1ΔH2). Since 
we previously observed that the Eap homologues contributed to virulence, and since their 
only known function involves NSP inhibition, we hypothesized that the ΔeapΔH1ΔH2 
strain would increase the neutrophil infl ux even further than the Δeap strain. With our 
Δeap strain, we observed the same increase in neutrophil numbers as described by Chava-
kis et al. (Fig. 3A). However, we also measured the same amount of neutrophils migrating 
to the peritoneum during an ΔeapΔH1ΔH2-infection (Fig. 3A). The observed elevation of 
neutrophil infl ux in the mutant strains coincided with a 2-fold increase in bacterial load 
(Fig. 3B). Thus while the three EAPs inhibited the cleavage of ICAM-1 in vitro, only Eap 
inhibited neutrophil migration in vivo. It is yet unclear whether the latter process depends 
on the inhibition of NE, or whether as yet unappreciated mechanisms also contribute.
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Figure 3. Eap homologues do not con-
tribute to virulence during intraperito-
neal infection. (A) Number of recovered 
CFU after 5 h intraperitoneal infection of 
mice with WT or eap-mutant strains. (B) 
Number of neutrophils recovered from the 
peritoneal lavage of infected mice. Each 
symbol represents an individual mouse 
and horizontal lines indicate the median 
values. Statistical signifi cance was tested 
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pared to the WT strain.
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DISCUSSION
NSPs are reported to execute many different cleavage reactions important for neutro-

phil functioning. A recent addition to the wide range of functions for one of the NSPs, 
NE, is its requirement for NET formation16. The most-widely used stimulus to induce 
NET formation is PMA. This induces generation of reactive oxygen species, upon which 
NSPs detach from the azurophilic granular membrane9,17. The triad of detached NE, CG, 
and their catalytic-inactive homologue azurocidin, translocates to the cytosol, upon which 
enzymatic activity of NE is required to reach the nuclear membrane. On the contrary, de-
tached PR3 remains localized in the azurophilic granules. At the nuclear membrane, NE 
gains access to the nucleus via an unknown process, after which it will cleave histones to 
promote nuclear decondensation needed for NET formation9. 

Since it is now known that S. aureus expresses three inhibitors of NSPs, we examined 
the infl uence of the staphylococcal EAPs on NETosis. Interestingly, recombinant, exog-
enously added Eap slowed down the process of NET formation, whereas endogenously 
expressed EAPs diminished the number of nuclei that formed NETs. Perhaps these differ-
ences in phenotype are induced by different cellular localizations of the proteins in both 
situations. For exogenously added Eap to affect NETosis via the inhibition of NE, it has 
to acquire access to the neutrophilic cytosol, or even to the neutrophilic nucleus, since 
the NE substrates for NETosis are localized there. This might occur in the latter stages of 
NET formation, since then also the DNA-histone antibody is able to cross the disintegrat-
ed plasma membrane. This hypothesis is in line with the fi nding that exogenous Eap only 
affects NET formation in the latter stages. However, it also implies that proteolytic deg-
radation of intracellular targets by NE is still required in these latter stages of NETosis. 
To demonstrate that the effect of Eap can really be traced to inhibition of NE, additional 
experiments are required to show that the other NSP inhibitors EapH1 and EapH2 evoke 
the same, or possibly even additive effects. Moreover, if we would succeed in designing 
an Eap-mutant protein that no longer inhibits NE, one would predict that this protein 
would also no longer inhibit NET formation. Since neither proteolytic activity of CG or 
PR3 are required for NET formation, it is unlikely that Eap affects NETosis by interacting 
with these NSPs.

On the other hand, endogenous EAPs will not only be expressed by extracellular bac-
teria, but also by phagocytosed bacteria from within the phagocytic vacuole. Moreover, 
expression of both Eap and EapH1 is upregulated by the contents of azurophilic gran-
ules18, making vacuolar expression of EAPs highly likely. Thus, in addition to the effects 
shown for exogenous Eap, endogenous EAPs might function from inside the neutrophil. 
Our experiments with the WT and mutant bacteria show that EAPs infl uence the number 
of nuclei that form NETs. The fact that NETosis in presence of the single eap-mutant 
(Δeap) vs. the WT bacteria did not differ, suggests a redundant role for the EAPs. Fur-
thermore, it remains to be determined why only NET formation of some neutrophils was 
affected. Perhaps only the affected neutrophils had phagocytosed bacteria. Alternatively, 
differences in maturation status of these neutrophils might have infl uenced their sensitiv-
ity to form NETs19. 
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One completely unexplored possibility is that EAPs interfere with the antibacterial 
properties of NETs after they have formed. Within the NETs, NSPs are proteolytically 
active, and are hypothesized to contribute to antibacterial defense20. Whereas direct bacte-
rial killing within NETs is unlikely21, NSPs might still contribute to antibacterial defense 
by degrading virulence factors of the trapped bacteria20. This degradation within NETs 
might be inhibited by the EAPs, as previously shown (CHAPTER 4, this thesis).

Previous studies have indicated a role for NSPs in the migration of neutrophils to-
wards the site of infection22,23. Nevertheless, the exact mechanism is not defi ned since 
the process is hard to capture in vitro and there are multiple potential targets for NE. For 
example, numerous basal membrane constituents could be targeted to create a passage-
way for neutrophils24, or after transmigration either the endothelial ICAM-113 or the neu-
trophilic CR323,25 could be cleaved to promote neutrophil migration to more distal sites. 
Here we confi rmed, as a proof of principle, that NE cleaves ICAM-1 and showed that 
this can be inhibited by all EAPs. Whether this process is important in vivo for neutrophil 
migration remains to be determined. Previous studies showed a redundant role for prote-
ases in promoting neutrophil recruitment10. Therefore, in theory EAPs would be effi cient 
inhibitors of neutrophil recruitment in vivo, since they inhibit multiple NSPs. 

An in vivo pilot experiment confi rmed that Eap inhibits neutrophil recruitment, as pre-
viously reported by Chavakis et al.12. Contrary to our predictions, this phenotype was not 
aggravated by additionally knocking out EapH1 and EapH2. The reason for the observed 
phenotype might be twofold. First, EapH1 and EapH2 might not be expressed in this 
infection model and in this time frame, or might be expressed in a much lower amount 
than Eap. If so, abolishing EapH1 and EapH2 would not induce a (measurable) change. 
Second, the observed phenotype for Eap might not rely on the inhibition of NSPs, but on 
another aspect of neutrophil recruitment. For example, Chavakis et al. hypothesized that 
Eap inhibits neutrophil recruitment via direct binding to ICAM-1. In that scenario, Eap 
should bind ICAM-1 within the blood vessel to prevent fi rm attachment of neutrophils 
and thereby inhibit intraperitoneal neutrophil recruitment. However, during intraperito-
neal infection the bacteria reside outside of the blood vessels, which is also where Eap 
would be produced. Therefore interference with neutrophil extravasation after transmi-
gration, when both Eap and the neutrophil reached the same side of the vessel wall, seems 
more feasible; either by inhibiting cleavage of ICAM-1, or by inhibiting cleavage of 
CR3. Moreover, since we only observed an effect of Eap on neutrophil recruitment, and 
not of the homologous proteins, the role of Eap on neutrophil recruitment might also be 
infl uenced by its ability to inhibit complement activation (CHAPTER 5, this thesis)26. To 
provide insights into the actual mechanism by which Eap inhibits neutrophil recruitment, 
additional experiments should be performed. To determine whether Eap blocks binding 
to ICAM-1, or blocks detachment from ICAM-1, the number of intravascular vs. extra-
vascular ICAM-1-binding neutrophils could be quantifi ed. Ideally, we would express an 
EAP-protein mutant that no longer inhibits NE in bacteria to see if this would yield the 
same phenotype as the Δeap strain. In that way we could discriminate the NSP-inhibitory 



106

Chapter 6

function of Eap from its ability to inhibit complement.

Altogether these data provide additional insights into the possible immune processes 
that S. aureus protects itself from by secreting three NSP inhibitors. Even though we only 
highlight two functions here, NSPs have a much broader function in antibacterial defense. 
Other NSP-mediated processes that might infl uence the course of S. aureus infection is 
the activation and inhibition of certain cytokines and cytokine-receptors5. For example, 
classical activation of IL-1 via caspase-3 within the infl ammasome is important in im-
mune defense against S. aureus27. However, also all NSPs can generate bioactive IL-1
via an alternative pathway, that might affect the course of infection as well28. This study 
shows that by secreting inhibitors of NSPs, S. aureus benefi ts in multiple ways, since 
all these processes are inhibited at once. Unfortunately, the details of the mechanisms 
contributing to enhanced S. aureus virulence are still unclear. Nevertheless, these pieces 
of information form initial leads that might someday help to develop additional therapies 
against S. aureus infections.
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MATERIAL AND METHODS
Ethics statement

All blood donors provided informed consent after full explanation of the purpose, nature and risk of all 
procedures used, in accordance with the Declaration of Helsinki. The used protocol was approved by the ethics 
committee of the University of Veterinary Medicine Hannover (Hannover, Germany). Animal experiments were 
performed as required by the German regulations of the Society for Laboratory Animal Science (GV-SOLAS) 
and the European Health Law of the Federation of Laboratory Animal Science Associations (FELASA), and 
were approved by the local governmental animal care committee (Lower Saxony, 33.9-42502-04-12/0855).

Bacteria 
S. aureus Newman strains (WT, Δeap, or ΔeapΔH1ΔH2)7 were grown in Todd-Hewitt broth (THB). Sub-

sequently they were diluted 1:100 to fresh THB and grown to OD660 of 0.4 (in vitro), or OD660 0.8 (in vivo). 

Recombinant proteins
Recombinant Eap (SA1751) was expressed and purifi ed as described before29. A recombinant form of the 

extracellular region of human ICAM-1 was expressed and purifi ed from the conditioned culture medium of 
transiently transfected HEK293 cells. Briefl y, a gene fragment encoding the portion of human ICAM-1 from 
the predicted mature N-terminus to the residue immediately preceding the single transmembrane domain was 
amplifi ed by PCR and subcloned into the expression plasmid pSGHV1. This plasmid allows for constitutive ex-
pression and secretion of a fusion protein consisting of human growth hormone (hGH), followed by an octahis-
tidine tag, a TEV-protease cleavage site, and the region of ICAM-1 described above. Actively growing HEK293 
cells (~70% confl uency in ~1500 cm2 of culture area) were transfected with the pSGHV1-derived vector de-
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scribed above using complexes with linear polyethyleneimine. Cells were cultured in DMEM high-glucose 
supplemented with 1% feutal calf serum (FCS). Conditioned medium was collected every 3 days for a total of 9 
days, and clarifi ed by high-speed centrifugation. Approximately 600 ml of medium was buffer exchanged into 
20 mM Tris (pH 8.0) with 500 mM NaCl and 10 mM imidazole, and applied to a NiNTA sepharose resin. The 
bound protein was eluted with a linear gradient to 500 mM imidazole in the same buffer, and digested overnight 
with TEV protease according to standard protocols. The ICAM-1 fragment was isolated from the digest by re-
application to the NiNTA column, except that the unbound fraction was retained in this case. The ICAM-1 con-
taining sample was purifi ed further by anion-exchange and superdex-200 column chromatographies. The fi nal 
sample contained about 8 mg purifi ed ICAM-1 ectodomain and was stored in aliquots at -80oC until further use.

In vitro NET formation
Protein: neutrophils were isolated from fresh blood of healthy donors by density gradient centrifugation 

using PolymorphprepTM (ProgenBiotechnik, Germany), as described previously30. NETs were induced in 2 x 
105 neutrophils with 25 nM PMA in presence or absence of 1 μM Eap, in duplo. After 4 h, NETs were fi xed with 
4% paraformaldehyde and stained for histones (mouse-anti-H1A-H2B-DNA complex, #PL2-6), kindly provid-
ed by Marc Monestier, Temple University School of Medicine, Philadelphia, PA7. After washing, slides were 
mounted in ProlongGold® antifade with DAPI (Invitrogen, Germany) and analyzed by a Leica DMI6000CS 
confocal fl uorescence microscope with a HCXPLAPO 40 x 0.75-1.25 oil immersion objective. Settings were 
adjusted with control preparations using an isotype control antibody. For each preparation, three randomly se-
lected images were acquired and used for quantifi cation. Data were expressed as percentages of NET-forming 
cells in relation to the total number of cells or as area covered with NETs. The mean value derived from n = 6 
images for each condition per experiment was used for statistical analysis.

Bacteria: neutrophils (2x105) were stimulated with 25 nM PMA for 20 min. Bacteria (4x105) were added for 
3 h (assuming OD660 0.4 = 4.8 x 107 CFU/ml). NET were quantifi ed as described above.

ICAM-1 cleavage
ELISA: Maxisorb ELISA-plate wells (Thermo Scientifi c) were coated with 5 μg/ml ICAM-1 ectodomain 

in 50 μl of 100 mM NaCO3 with pH 9.6 o/n at 4 °C. Wells were washed 3 x with PBST (phosphate-buffered 
saline with 0.05 % Tween-20) and blocked with 4 % (w/v) bovine-serum albumin (BSA)-PBST, for 1 h at 37°C. 
The wells were incubated with indicated concentrations EAPs, with or without 6.25 μg/ml NE (Elastin Products 
Company) in 1 % (w/v) BSA-PBST for 1 h at 37 °C. After washing 3 x with PBST, the remaining ICAM-1 
was detected with mouse-anti-hCD54-PE (BD Biosciences; 1:3000 diluted in 1 % (w/v) BSA-PBST) for 1 h 
at 37 °C. After washing 3 x with PBST, this was labeled with a secondary, peroxidase-labeled goat-anti-mouse 
(Bio-Rad; 1:5000 diluted in 1% BSA-PBST) for 1 h at 37°C and detected with substrate solution, containing 
100 μg/ml tetramethylbenzidine and 60 μg/ml ureum peroxide in 100 mM sodium acetate buffer at pH 6.0. The 
reaction was stopped by adding an equal volume of 2 M H2SO4, and the absorbance at 450 nm was measured 
using a Bio-Rad microplate reader. 

Immunoblot: In a total volume of 60 μl PBS, 25 μg/ml ectodomain of ICAM-1, 20 μg/ml NE, and 10 μg/
ml inhibitor (EAPs or CHIPS) were incubated for 60 min at 37°C. The reaction was stopped by adding 60 μl of 
2 x sample buffer. Per slot of a 12.5% SDS-PAGE 10 μl sample was run and immunoblotted as described before 
(CHAPTER 4, this thesis). ICAM-1 was detected with mouse-anti-hCD54-PE (1 μg/ml) in 1 % (w/v) non-fat dry 
milk in PBST and secondary, peroxidase-labeled goat-anti-mouse (1:15.000 diluted) in 1 % (w/v) non-fat dry 
milk in PBST. Bands were visualized with enhanced chemiluminescence (ECL, Amersham).

Cells: Epithelial cells (EA.hy.926) were cultured in DMEM (Invitrogen) with 10% FCS. One day before 
the experiment cells were harvested (detached with 3 mM EDTA for 5 min at 37 °C) and 5 x 106 cells were 
stimulated with 1 ng/ml TNFα (Sigma-Aldrich) for 18 h. Cells were washed with RPMI-1640 with 0.05 % HSA 
(Sanquin) and 50 μl cells were incubated for 60 min at 37 °C with 40 μg/ml NE and 1 μM inhibitor in a total 
volume of 100 μl RPMI-1640/HSA. The cells were washed with 1 ml RPMI-1640 and the remaining ICAM-
1 was stained with mouse-anti-hCD54-PE (1:25 diluted) for 30 min at 4°C and measured by fl ow cytometry 
(FACS Verse, BD).

Intraperitoneal infection model
Female C57BL6/J RccHsd mice of 8-16 week old were purchased from Harlan-Winkelmann, Germany or 
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bred in-house. Bacteria were diluted to OD660 0.4 in THB. Mice were infected with 1x 109 CFU i.p. (assuming 
OD660 0.4 = 1.5 x 108 CFU/ml) and sacrifi ced after 5 h by inhaling isofl uoran. The peritoneum was fl ushed with 
5 ml sterile PBS. The peritoneal lavage was spun down with 500x g to harvest the immune cells. Neutrophils 
were stained with anti-Ly6G-FITC and quantifi ed by fl ow cytometry. Bacteria in the supernatant of the lavage 
were enumerated by plating serial dilutions on blood-agar plates.

Statistical analysis
Statistical analyses were performed by using GraphPad Prism 6.0. Used tests are indicated in the fi gure 

legends. P < 0.05 was assumed to be statistically signifi cant. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, 
P < 0.05.
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SUMMARY OF THIS THESIS
In this thesis we describe the fi rst-known coping mechanism of the Gram-positive 

Staphylococcus aureus with neutrophil serine proteases (NSPs). In CHAPTER 2 we identi-
fi ed a family of three secreted S. aureus proteins that are potent NSP inhibitors. These ex-
tracellular adherence proteins (EAPs) are highly homologous and can all inhibit the NSPs 
neutrophil elastase (NE), proteinase 3 (PR3), and cathepsin G (CG). The EAP family con-
sists of Eap (53 kDa) and its smaller homologues EapH1 (12 kDa) and EapH2 (13 kDa) 
(Fig. 1A). A co-crystal structure of EapH1 bound to NE revealed that this inhibition is 
governed by non-covalent obstruction of the catalytic cleft. Since both the EAPs and the 
NSPs show high structural homology amongst each other, we hypothesize that the mech-
anism of inhibition is the same for all interactions (Fig. 1B-C). In CHAPTER 3 we tried to 
unravel the molecular mechanism of inhibition in more detail. Despite the high homology 
amongst the EAPs, we found some indications that the mechanism of inhibition might 
differ per protein. In addition, studies with other serine proteases in this chapter revealed 
that mast-cell chymase is the fourth serine protease to be inhibited, whereas neutrophil 
serine protease 4 (NSP4) is exclusively inhibited by Eap. In addition to unraveling the 
molecular mechanism, we questioned why S. aureus would benefi t from inhibiting NSPs. 
In particular, since the antimicrobial character of NSPs has been extensively described, 
but the exact role of NSPs during S. aureus infections is still debated. By constructing 
eap-mutant strains, we showed in CHAPTER 4 that S. aureus secretes the EAPs to protects 
its other virulence factors against degradation by NSPs. In CHAPTER 5 we revealed that 
Eap also affects innate-immune responses by inhibiting complement activation. This is 
an entirely different process, not depending on the inhibition of serine proteases, but 
on the binding of Eap to C4b. Lastly, in CHAPTER 6 we explore two other processes in 
which EAPs might infl uence immune responses against staphylococci: the formation of 
neutrophil extracellular traps, and neutrophil recruitment. Both are affected by EAPs, but 
the mechanism is not yet unraveled. Altogether, this thesis evoked many new questions. 
However, with the fi nding of three conserved, specifi c staphylococcal inhibitors of NSPs, 
this thesis showed us that NSPs are more important in defense against S. aureus than 
previously thought. 

S. aureus 
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PART I: 

RATIONALE FOR NSP INHIBITION BY BACTERIA
Neutrophil serine proteases (NSPs) are long known for their antibacterial properties. 

We set out to identify how S. aureus shields itself from these NSPs and we identifi ed a 
family of highly specifi c, secreted NSP inhibitors. Even though the identifi cation of these 
NSP inhibitors underlines the antibacterial potency of NSPs, the exact role against S. 
aureus is still debated. Therefore, we examine in PART I which antibacterial functions of 
NSPs are known and in which situations S. aureus might encounter them. In addition, we 
assembled an overview of other bacterial mechanisms to disarm NSPs.

NSP functions in antibacterial defense
NSPs can end up in various immune compartments: intra- and extracellular, and in-

tra- and extravascular (see introduction of this thesis). Thereby, they encounter numerous 
substrates, which could affect numerous immune processes. For instance, they can cleave 
chemokines, cytokines, and receptors to either activate or inactivate them, but also func-
tion as chemoattractants independently from their proteolytic activity, which has recently 
been reviewed1–3. Here, we will focus on the more direct interactions of NSPs with bac-
teria (Fig. 2). 

Direct killing
The best-known antibacterial function of NSPs is direct killing of bacterial cells. 

While NE has been shown to directly kill the Gram-negative bacteria Klebsiella pneumo-
niae and Escherichia coli, only for the latter it has been shown to depend on cleavage of 
its outer membrane protein A (OmpA), resulting in loss of membrane integrity and cell 
death4,5 (Fig. 2A). Separately, the Gram-positive Streptococcus pneumoniae is known 
to be killed by the concerted action of NE, CG, and PR3 within the phagocytic vacuole, 
which was also demonstrated in vivo6,7. This process requires the presence of pneumococ-
cal capsule, although the mechanism is yet unknown8 (Fig. 2B). Surprisingly, NE seems 
trivial for killing of the closely related organism, Staphylococcus aureus, nor has the role 
of CG been well established5,9,10. Experiments with our bacterial mutant strains (lacking 
either Eap, or all three EAPs) also indicated little infl uence of the NSPs in killing of S. 
aureus after phagocytosis in vitro (CHAPTER 2)11. Neither did NE or CG directly kill S. 
aureus in buffers a range of different pH values (Stapels and Rooijakkers, unpublished 
results). Taken together, direct anti-microbial activity of NSPs is only demonstrated for 

Figure 1. S. aureus EAPs inhibit NSPs. (A) S. aureus secretes the EAP family of proteins, consisting of Eap, 
EapH1, and EapH2, that specifi cally inhibits NSPs. Full-length Eap consists of multiple domains (resembling 
EapH1 and EapH2) that each bind one NSP molecule. (B) The NSPs NE (PDB code 3Q76), PR3 (PDB code 
1FUJ), and CG (PDB code 1CGH) show high structural homology. The catalytic serine residue of all three pro-
teins is depicted in orange. (C) Model of NE, CG, and PR3 binding to different EAPs (EapH1, EapH2, and the 
second domain of Eap (Eap-D2)), inferred from the co-crystal structure of NE with EapH1 (PDB code 4NZL).
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a very limited amount of bacterial species and unlikely to play an important role in S. 
aureus defenses.

Generation of antimicrobial peptides
More indirectly, NSPs can cleave host proteins to generate antimicrobial peptides. 

The best-known example is the extracellular cleavage of hCAP-18 by PR3 to generate the 
antimicrobial peptide LL-3712, which can potently kill S. aureus13. Separately from this, 
extracellular NSPs can also cleave serum proteins of the complement and coagulation 
systems to generate distinct antimicrobial peptides. For example, NE cleaves the central 
complement protein C3 to generate a peptide that mimics the natural C3a anaphylatoxin. 
As with C3a, this NE-derived peptide of C3 shows antimicrobial activity against Entero-
coccus faecalis and Pseudomonas aeruginosa14 (Fig. 2C). NE and CG can also cleave 
thrombin and release peptides that are antimicrobial to E. coli15. Lastly, NE cleaves the 
tissue-factor pathway inhibitors (TFPI-1 and TFPI-2) into peptides that kill a wide range 
of bacteria, or bind E. coli, respectively16,17. 

Virulence attenuation
Furthermore, NSPs may attenuate bacterial virulence by inactivating factors required 

for pathogenesis. For example, NE, but not CG, cleaves the invasins IpaA-C and the 
mobility protein IcsA of Shigella fl exneri to prevent bacterial dissemination into the cy-
toplasm of neutrophils18 (Fig. 2D). Virulence factors of the related enterobacteria Salmo-
nella Typhimurium and Yersinia enterocolitica were also cleaved18. Such effects are not 
limited to Gram-negatives, however, as CG cleaves the S. aureus adhesin clumping factor 
A (ClfA) and removes its active domain (Fig. 2E)19. Moreover, in CHAPTER 4 we show that 
also a wide range of secreted virulence factors of S. aureus can be degraded. Some of 
the tested virulence factors had the same immune-evasion functions (i.e. staphylococcal 
inhibitor of complement (SCIN), and SCIN-B/C). Interestingly, these proteins showed 
differential susceptibility to degradation by NE, which might partly explain the seemingly 
redundant arsenal of virulence factors produced by S. aureus. In addition, CHAPTER 4 pro-
vides the fi rst evidence that degradation of virulence factors really occurs in vivo, which 
was facilitated by the generation of an eap-mutant strain. In WT bacteria, expression of 
Eap would normally protected these virulence factors against degradation. The observed 
degradation of virulence factors might either occur upon degranulation of neutrophils, or 
within NETs20. Judging from the broad substrate specifi city of NSPs and the relatively 
low concentrations needed to target virulence factors18, we anticipated that also mem-
brane-bound virulence factors of S. aureus are inactivated by NSPs.

NET formation
The role of NSPs during NET formation is perhaps best illustrated by the absolute 

requirement of active NE to form NETs. Upon NET induction, NE translocates to the 
nucleus, where it cleaves histones to facilitate the DNA decondensation central to NETo-
sis21,22. In addition, all NSPs are found within NETs23. Three functions have been ascribed 
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to NETs. First, they catch the extracellular NSPs, and other antimicrobial agents released 
from neutrophils, to prevent host damage at distal sites24. Second, they ensnare bacteria to 
prevent them from disseminating to other body sites25. Third, they might kill the captured 
bacteria via the antimicrobial agents attached to the NET-DNA20.

Besides the large debate about the direct bacterial killing by NETs in general26, it is 
unlikely that the NSPs contribute to killing within NETs since even S. pneumonia sur-
vived entrapment25, despite its sensitivity to NSPs within the phagocytic vacuole. More-
over, activities of NSPs within NETs are decreased due to their binding to DNA27. The 
high concentrations of NSPs required for bacterial killing are therefore likely not reached 
within the NETs. In addition, NET-bound NSPs may also be inactivated by high concen-
tration of NSP inhibitors in serum28. Altogether, the main role for NSPs probably lies in 
the induction of NETs, so that they can confi ne the bacterial infection. 

In CHAPTER 6 we explored whether the NE-inhibiting EAPs could affect NET forma-
tion. Endogenous, recombinant Eap halted NET formation and prevented the formation 
of long, extended NETs. Although the effect of recombinant EapH1 and EapH2 is yet un-
known, one or both of these proteins infl uenced NET formation in the context of bacteria, 
since triple eap-mutant bacteria (lacking Eap, EapH1, and EapH2) induced more NETs 
than WT bacteria. All data together suggest that multiple EAPs can inhibit NET forma-
tion, but the observed phenotypes probably largely depended on the expression levels 
of the individual proteins. Since the only known function of EapH1 and EapH2 is NSP 
inhibition, the inhibition of NET formation is most likely induced by NE inhibition. In-
terestingly, S. aureus evades NETs by secreting a nuclease that breaks down NETs29. The 
fi nding that EAPs slow down NET formation, might help S. aureus to break down NETs.

Lessons from patients and in vivo studies
The recurrent infections in patients with neutrophil defi ciencies, including many S. 

aureus infections, show that neutrophils are crucial in human antimicrobial defense30,31. 
This defense was for long believed to completely rely on the reactive oxygen species 
(ROS), generated in the phagocytic vacuole by NADPH oxidase and myeloperoxidase. 
However, the direct antibacterial effects of ROS seem to be overstated and it is currently 
believed that a concerted action of NADPH oxidase and NSPs is necessary for effective 
eradication of bacteria32. This is demonstrated by studies with NE-/- and CG-/- mice that 
showed that NSPs are crucial for clearance of E. coli, K. pneumoniae and S. pneumo-
niae4,5,7. Now we have identifi ed three staphylococcal inhibitors of NSPs, also a crucial 
role for NSPs during S. aureus infections seems inevitable. EAPs were shown to affect 
the outcome of murine infection models11 (CHAPTER 2, 4, and 6). Moreover, Eap is highly 
expressed in deep human wounds33. It remains unknown by which specifi c component 
expression is induced, and whether expression inside phagocytic vacuoles or rather extra-
cellular expression yields the most effective NSP inhibition.

Mechanisms of bacteria to block NSPs
In addition to the NSP inhibitors produced by S. aureus, other bacterial pathogens 



116

Chapter 7

evolved strategies to counteract human NSPs too. The mechanisms identifi ed thus far 
range from protecting bacterial substrates against proteolytic cleavage to the production 
of protease inhibitors that directly block NSPs. We will here give an overview of the 
mechanism evolved by different bacteria to cope with the actions of NSPs (Fig. 3).

Modifi cations of bacterial NSP substrates
Some bacteria protect itself against the detrimental actions of NSPs by modifying 

Direct bacterial killing

S. pneumoniaeE. coli

NE

O
m

pA

PG
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Generation of AMPs
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Figure 2. Antimicrobial functions of NSPs. (A-B) NSPs can directly kill bacteria by attacking membrane-
associated (E. coli) (A), or capsule proteins (S. pneumoniae) (B), which leads to loss of membrane integrity. (C) 
NSPs can cleave host immune proteins to generate antimicrobial peptides. (D-E) NSPs can target and inactivate 
bacterial virulence factors, shown for Gram-negative (D), and Gram-positive (E) bacteria, resulting in attenu-
ated virulence of bacteria.
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their substrates. For example, S. epidermidis and S. aureus express glycosyltransferases 
(SdgA and SdgB) that decorate cell surface-bound proteins with N-acetylglucosamine 
(GlcNAc) moieties on their serine-aspartate dipeptide (SDR) repeats19. These SDR re-
peats are, among others, found in the virulence factors ClfA and ClfB, SdrC, SdrD, SdrE 
(S. aureus) and SrdF, SdrG and SdrH (S. epidermidis). The GlcNAc modifi cation pro-
tects them from proteolytic degradation by CG (Fig. 3A). Another mechanism is used 
by the Gram-negative human pathogen Neisseria meningitidis. Like all Gram-negatives, 
the outer membrane of N. meningitidis contains LPS molecules that are anchored to the 
membrane via lipid A. This can be modifi ed by neisserial phosphoethanolamine transfer-
ase (lptA) with phosphoethanolamine to prevent proteolysis-independent killing by CG34 
(Fig. 3A).

Bacterial protease inhibitors
The mechanism by which the EAPs inhibit NSPs is largely unraveled by solving a 

co-crystal structure of EapH1 bound to NE. This showed that EapH1 forms a non-cova-
lent, 1:1 complex with NE, occluding the NE active site and thereby preventing substrate 
cleavage (CHAPTER 2)11. Based on the high sequence and structural homology amongst the 
EAPs, we predicted that all EAPs would inhibit NSPs via the same mechanism. Surpris-
ingly, whereas site-directed mutagenesis of NE-interacting residues in EapH1 decreased 
the amount of inhibition, mutating homologous residues in EapH2 had no effect. On the 
contrary, mutations in a different loop of EapH2 abolished all NE inhibition (CHAPTER 3). 
Future mutagenesis studies will have to confi rm whether both mechanisms differ. If the 
mechanism of NSP inhibition varies amongst EAPs, we should consider the possibility 
that also the mechanism by which individual NSPs are inhibited might differ. Studies 
with other serine proteases revealed that the EAPs are really specifi c inhibitors of NSPs, 
with mast-cell chymase as only exception. That is, the closely related serine proteases 
thrombin, plasmin and plasma kallikrein are not inhibited by EAPs, and even NSP4, the 
most-recent identifi ed NSP, is only inhibited by Eap, and not by EapH1 or EapH2 (CHAP-
TER 3). The question remains why S. aureus would encode three proteins with the same 
function. Perhaps they complement each other in expression pattern. Whereas expression 
of Eap and EapH1 is upregulated in the presence of components from the azurophil-
ic granules, expression of EapH2 seems to be regulated differently35. Nevertheless, this 
functional redundancy is a recurrent theme in S. aureus immune evasion.

Comparable to the EAPs, many Gram-negative bacteria express high-affi nity protease 
inhibitors. The dimeric, periplasmic protein ecotin (16 kDa) inhibits NSPs by forming 
heterotetrameric complexes36. The ecotin orthologues of pathogenic E. coli, Yersinia pes-
tis and P. aeruginosa all potently block NE and CG (Fig. 3B). However, ecotin is not a 
specifi c NSP inhibitor, since it also potently inhibits a wide range of other chymotryp-
sin-like proteases, like trypsin and chymotrypsin36.

Another interesting group of protease inhibitors is formed by the Gram-negative ho-
mologues of the mammalian alpha-macroglobulin (MG) family. MGs are large (>170 
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kDa) glycoproteins that inactivate a wide variety of 
proteases37,38 (Fig. 3C). These bacterial MG-like pro-
teins (bMGs), supposedly acquired via horizontal gene 
transfer from their metazoan hosts39, display remark-
able structural and functional homology to human α2-
MGs. Like αMG, proteolytic cleavage of a ‘bait’ region 
in bMGs results in a conformational change that allows 
the inhibitor to covalently capture the protease. The E. 
coli protein ECAM has a similar secondary structure to 
human plasma α2-MG and likewise contains an internal 
thioester to form covalent complexes with NE, trypsin 
and chymotrypsin40.

Intriguingly, both ecotin and bMGs are expressed in 
the periplasmic space of Gram-negative bacteria. Thus, 
they can only function against proteases that can breach 
the bacterial outer cell membrane. Since ecotin was 
found to protect E. coli from killing by purifi ed NE36, 
this suggests that NE gains access to the periplasm fol-

lowing degradation of OmpA and disrupts the membrane integrity. Still, these broad-
range protease inhibitors might not have evolved to specifi cally protect bacteria from NE, 
but might mainly serve to block pancreatic digestive proteases in the mammalian gut or 
bacterial aggressors that inject proteases in the periplasm40.

Conclusions
Recent advances in understanding the molecular interplay between NSPs and bacteria 

now indicate that the role of NSPs in antibacterial host defense is much more diverse than 
simply directly killing of bacteria. Considering the few species it this has been proven 
for, a directly bactericidal activity of NSPs seems very much overstated. On the contrary, 
a large body of evidence shows that these proteases can diminish bacterial virulence in 
many ways and their specifi c activities may even differ depending on the exact loca-
tion where they encounter bacteria (within the phagocytic vacuole or in the extracellular 
space). Our studies on the interaction of NSPs with S. aureus in particular, showed that 
NSPs could not even kill eap-mutant bacteria after phagocytosis. Therefore it seems more 
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Figure 3. Bacterial mechanisms to block NSPs. (A-B) Modifi ca-
tion of bacterial substrates. (A) Glycosyltransferases SdgA and SdgB 
modify staphylococcal virulence factors with N-acetylglucosamine 
(GlcNAc) to prevent them being cleaved by CG. (B) LptA modifi es 
neisserial lipid A to prevent killing by CG. (C) In addition to S. au-
reus which secretes the EAPs as inhibitors of NSPs, Gram-negative 
bacteria express inhibitors of chymotrypsin-like serine proteases in 
their periplasmic space to prevent activity of a broad range of serine 
proteases, including NSPs. These inhibitors include ecotin, and the 
bMG proteins ECAM (E. coli) and MagD (P. aeruginosa). 
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likely that S. aureus benefi ts from inhibiting NSPs in the extracellular space. For example 
by protecting its virulence factors against degradation, by preventing the generation of 
antimicrobial peptides, like LL-37, that might kill S. aureus, or by delaying NET forma-
tion so that the S. aureus nuclease can mediate escape. In our opinion, future work should 
also address whether NSPs collaborate with other antibacterial host defense components 
such as membrane-perturbing granular components. Still, the fact that bacteria evolved 
inhibitors of NSPs, which are highly specifi c in case of S. aureus, indicates that their role 
in anti-bacterial defense is indispensable. The endogenous production of these inhibitors 
has probably complicated previous studies analyzing the role of NSPs in defense in vivo 
and we feel that future work on NSP host defense functions should take these evasion 
strategies into account. Overall, these insights will contribute to a better understanding 
of the roles of NSPs in host defense against bacteria, and against S. aureus in particular.

. 
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PART II: 

THE ROLE OF EAPS IN STAPHYLOCOCCAL DEFENSE
In this thesis we described the generation of eap-mutant strains of S. aureus and used 

them to investigate the role of NSPs in the defense against this bacterium (CHAPTER 2, 
4, AND 6). Although this method is optimal to circumvent the natural inhibition of NSPs 
during infections, the results might be biased by other functions of the knocked-out pro-
teins. Even though for EapH1 and EapH2 no other functions are known than the inhibi-
tion of NSPs, previous studies have shown additional immune-evasion functions for Eap. 
These studies used independently-generated eap-mutant strains of S. aureus Newman41,42. 
In PART II, we integrate the results from these previous murine infection models with our in 
vivo results, which compared virulence of the WT, eap-mutant (Δeap) and triple eap-mu-
tant (ΔeapΔH1ΔH2) stains. This might provide better insights into the role of EAPs in S. 
aureus infections.

The role of EAPs in murine infection models
Even though the various research groups all explained their in vivo fi ndings via differ-

ent molecular mechanisms, the results of the in vivo studies show remarkable similarities. 
For instance, in CHAPTER 5 we found the same 2-fold increase in peritoneal neutrophil 
recruitment in an short-term (5 h) infection model with eap-mutant bacteria as published 
earlier43. In addition, two groups examined the bacterial survival in the kidneys in an in-
termediate (4 or 5 days) intravenous (i.v.) infection model, and neither found differences 
between the WT and eap-mutant strains41,43. In addition to these similarities, all fi ndings 
complement each other and give a hint into the virulence mechanism of EAP-domain 
proteins (Table I). 

Bacterial survival
Bacterial survival was quantifi ed in several models at time points ranging from a few 

hours (5 or 6 h) to a few days (4 or 5 d). These models always compared survival of WT 
and eap-mutant bacteria, and sometimes included the triple eap-mutant bacteria. These 
models showed that Eap is important for bacterial survival in the fi rst few hours upon 
intraperitoneal (i.p), or intranasal infection43 (CHAPTER 4 and 6). Upon i.v. infection, Eap 
did not contribute to survival in several organs (kidney, heart, blood, or joints)41. A few 
hours later (at 1 day), the three EAPs together contributed to bacterial survival, but the 
sole effect of Eap was no longer obvious (CHAPTER 4). Neither did Eap at this time point 
contribute to bacterial survival in several organs (kidney, heart, blood, or joints) upon 
i.v. infection41. However, after a few days Eap had contributed to survival in the joints41. 
Only the three EAPs together promoted survival in a retro-orbital i.v. infection model 
in this timeframe. Thus, Eap promotes bacterial survival directly upon infection via the 
peritoneum or lung, but upon i.v. infection only after a few days, and in a specifi c organ. 
A contribution of either or both EapH1 and EapH2 was only measured after a few more 
hours in the lung, and after a few days of i.v. infection.
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Leukocyte recruitment and wound healing
Lowering the number of neutrophils recruited to the site of infection is paramount to 

bacterial survival in the fi rst few hours. Upon i.p. infection, Eap diminished neutrophil 
recruitment, which could explain the aforementioned increased bacterial survival43 (CHAP-
TER 6). Upon pulmonary infection, neutrophil recruitment was not diminished by Eap 
alone (CHAPTER 4), yet the three EAPs together seemed (though statistically not signifi -
cant) to limit neutrophil recruitment (CHAPTER 4). This does not fully explain the decreased 
survival of the eap-mutant at 6 h, but it does match the decreased survival of the triple 
eap-mutant at 24 h. In addition, in a sterile wound model, recombinant Eap inhibited the 
recruitment of neutrophils and macrophages after one day of infection44. Moreover, when 
these pre-formed wounds were infected with S. aureus, endogenously expressed Eap in-
creased the time needed for wound healing (from 10 to 13 days)44. Since leukocytes fulfi ll 
important roles in wound healing, this might have been a result of the initial diminished 
leukocyte recruitment45. Thus, Eap clearly inhibits neutrophil recruitment, and EapH1 
and/or EapH2 have this tendency too. However, it is not the only parameter explaining 
decreased survival of eap-mutant bacteria in the fi rst few hours of infection.

Abscess formation
The long-term contribution of Eap to infection is best illustrated by the weight loss of 

mice upon 4 weeks of i.v. infection. Whereas the eap-mutant-infected mice had restored 
their original weight loss after 4 weeks, the WT-infected mice still suffered from weight 
loss compared to day 041. This is the fi rst indication that the reach of Eap extends beyond 
the fi rst few days. Amongst the long-term complications of S. aureus infections are ab-
scess formation, arthritis and osteomyelitis46. After a few days, Eap did not (yet) infl uence 
the size of the formed skin abscesses in a subcutaneous infection model43. However, in 
the long term (8 weeks) Eap increased the frequency in which mice formed abscesses in 
the heart and kidneys. In addition, the severity and frequency of both arthritis and osteo-
myelitis were increased41. These differences between the WT and eap-mutant strain were 
abrogated in T-cell defi cient nude mice, stressing a role for the adaptive immune response 
at this time point41.

Together, these models clearly show that bacterial infection in different organs de-
pends on different virulence factors. This will most likely be caused by the differences in 
resting cell populations, and the slightly different mechanisms of neutrophil recruitment 
towards different organs47. In addition, by examining various time points, these models 
assess various aspects of the immune response. In the shorter models innate immune 
processes like leukocyte recruitment will play an extensive role, whereas in the longer 
models also the importance of adaptive immunity is highlighted. To understand the mo-
lecular mechanisms evoking these phenotypes, we will now integrate these with the ex-vi-
vo reported functions for Eap, EapH1, and EapH2.
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Molecular mechanisms for EAPs to enhance virulence
Whereas NSP inhibition is the only known function for EapH1 and EapH2, multiple 

functions of Eap have been described in the past. However, the molecular mechanisms 
have not always been unraveled. Since these functions may have determined the out-
comes of the in vivo studies in concert, we will here give an overview of the possible 
molecular interactions in place (Fig. 4A). 

Adherence 
Eap obtained its name, extracellular adherence protein, from its affi nity for multiple 

extracellular matrix proteins, including bone sialoprotein, fi bronectin (Fn), thrombospon-
din, vitronectin (Vn) and fi brinogen (FBG)48. Some of these proteins also occur in plasma. 
Indeed, Eap has been shown to bind at least seven plasma proteins, including fi brinogen 
(Fg), prothrombin, and Fn49. The inhibitory constant (Ki) of an enzyme-inhibitor complex 

Figure 4. Mechanisms of EAPs to enhance S. aureus virulence. (A) Overview of the molecular interactions 
known for EAPs. Some functions are specifi c to Eap (containing four domains, depicted in green), and some 
functions are already present within all individual domains from Eap (in green), or within EapH1 (blue) and 
EapH2 (yellow). aDetermined for fi brinogen, fi bronectin, thrombospondin, and bone sialoprotein. bSome indi-
vidual domains bind some ECM proteins (e.g. D3 binds fi brinogen, but D5 does not)51. “?” unknown. “x” this 
protein does not have this function. (B) Effects of EAPs on neutrophil functions. Neutrophil recruitment is 
inhibited by all three EAPs. All of them might inhibit the detachment of neutrophils from the endothelial cells 
by inhibiting NSP activity. Only Eap inhibits complement activation, thus further inhibiting neutrophil recruit-
ment by diminishing the generation of the chemotactic factor C5a. The complement inhibition by Eap also 
hampers C3b opsonization of bacteria, leading to diminished phagocytosis. The degradation of S. aureus viru-
lence factors by NSPs is prevented by all three EAPs, as is the induction of neutrophil extracellular traps. 
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denotes the dissociation constant (Kd) for this complex in equilibrium50. This shows that 
the strength of the interaction between EAPs and NSPs (Ki values of 1 nM (Eap), 2 nM 
(EapH1), and 5 nM (EapH2) for NE) is in the same range as the binding of Eap to FBG, 
Vn and thrombospondin (Kd values of 2 nM, 3 nM, and 0.5 nM respectively with rEap)51. 
However, in an in vitro binding assay with the WT and eap-mutant strains, binding to 
immobilized FBG and Fn was not altered42. On the contrary, adherence to fi broblasts and 
epithelial cells was promoted by endogenous Eap42,52.

These adherence properties of recombinant Eap promote uptake in keratinocytes53, 
although no difference was detected between WT and eap-mutant strains53. Moreover, 
Eap promotes bacterial clumping, since it binds both to the S. aureus surface and to other 
Eap molecules49. Enhanced agglutination might play a role in the observed increase in 
biofi lm formation in presence of Eap54. Unfortunately, the mechanism of binding to this 
range of targets is unknown. A part of the interactions might be mediated by electrostatic 
interactions, since Eap is highly cationic55. 

Regardless of the mechanism, the interactions of Eap with these proteins might have 
increased the adherence of S. aureus cells to host tissue and its internalizations in the 
above-mentioned infection models. If a higher portion of S. aureus cells is internalized, 
these can hide better from the innate immune response and might increase the detrimental 
effects of infection on the long term. This might partially play a role in the observed en-
hancement of abscess formation, arthritis, and osteomyelitis41. 

Adherence of Eap to ICAM-1 is believed to cause the inhibition of neutrophil recruit-
ment43. Even though proven in vitro, the proposed in-vivo mechanism is counter intuitive. 
For Eap to inhibit neutrophil recruitment by binding ICAM-1, it should be expressed on 
the luminal side of the vasculature. However, in the peritoneal infection model, S. aureus 
resides on the opposite side of the vessel wall. This yields the unsatisfying situation that 
Eap should fi rst cross the endothelium to be able to inhibit neutrophil recruitment. More-
over, the fi nding that i.v. ICAM-1 antibodies could inhibit neutrophil recruitment does 
not prove that Eap functions via the same mechanism. An alternative explanation for the 
observed inhibition of neutrophil recruitment by intraperitoneal Eap is its inhibition of 
NE that might cleave ICAM-1, or CD11b (within CR3) to release neutrophils from the 
endothelium after they have transmigrated56 (CHAPTER 6).

Inhibition of complement
In CHAPTER 5, we identifi ed Eap as a complement inhibitor. In contrast to the ill-de-

fi ned interaction of Eap with plasma proteins, we could unravel the mechanism by which 
Eap inhibits complement activation: Eap binds C4b, which hinders binding of C2, and 
thereby prevents formation of the C3 convertase (C4b2a). In this way, activation of the 
complement cascade via the classical and lectin pathways is inhibited57. As seen for other 
functions of Eap, this inhibition requires multiple EAP domains, which explains why 
EapH1 and EapH2 cannot inhibit complement. Although the Kd of Eap for C4b (185 nM) 
and C4 (45 nM) is higher than for other proteins, we could show that inhibition of C3 
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conversion by Eap in serum diminishes the C3b deposition on S. aureus, resulting in di-
minished phagocytosis by neutrophils57 (CHAPTER 5). This process might contribute to the 
observed increase in bacterial load in the peritoneum and lungs during the fi rst few hours 
of infection (CHAPTER 4 and 6). Simultaneously, the inhibition of complement activation 
at this level will diminish the generation of C3a and C5a. This might contribute to the 
impaired neutrophil recruitment to the peritoneum43 (CHAPTER 6), since both molecules are 
chemotactic factors, and especially C5a promotes the recruitment of neutrophils58. Alto-
gether, by inhibiting the cleavage of C3, Eap might both block the generation of chemo-
attractants (i.e. C3a and C5a) and the opsonizaton of S. aureus, which will independently 
result in a diminished clearance of S. aureus. 

With this fi nding, Eap fi lls a previously empty niche within the redundant arsenal of S. 
aureus complement-evasion proteins. The previously identifi ed proteins covered almost 
all important processes within the complement system: classical pathway activation (in-
hibited by superantigen-like protein 10, staphylokinase, staphylococcal protein A, S. au-
reus binder of IgG (Sbi)), C3 conversion (inhitited by staphylococcal complement inhibi-
tor (SCIN), SCIN-B/C, Sbi), C5 conversion (inhibited by extracellular fi brinogen binding 
protein, extracellular complement binding protein, superantigen-like protein 7), and C5a 
receptor activation (inhibited by chemotaxis inhibitory protein of S. aureus)59, but not yet 
the formation of the classical and lectin-pathway C3 convertases. It remains curious why 
S. aureus so redundantly targets the complement system. Most likely, this facilitates most 
potent protection of S. aureus, even if the individual processes are a little leaky. 

Chymase inhibition
In CHAPTER 4 we identifi ed mast-cell chymase as the fourth target of the EAPs. Unfor-

tunately, the human chymase does not have one clear-cut orthologue in mice60. First of all, 
mice express multiple chymases (mMCP-1 to -10). Secondly, whereas mMCP-5 shows 
the highest structure similarity to human chymase, mMCP-4 shows the most similar sub-
strate specifi city60. Whether these murine chymases are also inhibited by EAP-domain 
proteins is yet to be determined. 

If the mouse chymases would be inhibited, their inhibition could have contributed to 
the observed in vivo phenotypes of the eap-mutant bacteria. Interestingly, mMCPs have 
been shown to promote wound healing60 and neutrophil recruitment61, which are both also 
affected by EAPs. In general, the role of mast cells during S. aureus infection is still de-
bated. In vitro, mast cell extracellular traps (MCETs) entrap and kill S. aureus62. Further-
more, during infection, S. aureus was shown to invade mast cells to promote secondary 
infections62 and it altered gene expression in mast cells63. However, mice lacking mast 
cells, due to mast-cell specifi c expression of diphtheria toxin, did not increasingly suffer 
from S. aureus infection after a few hours up to 3 days of peritoneal infection63.

Interfering with T-cell response
Around the time that Eap was fi rst identifi ed, it had also received an alternative name: 

MHC-II analog protein (Map), inspired by its similarity with the MHC-II peptide-bind-
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ing groove41. Therefore, Eap was long time expected to affect T-cell activities, which 
was underlined by the loss of Eap-promoted abscess formation in T-cell defi cient nude 
mice41. Unfortunately, the molecular mechanisms have never been pinpointed. The facts 
that other infection models also showed differences at earlier time points, that neutrophil 
recruitment was diminished, and that neutrophils infl uence the responses of all immune 
cells64, make it possible that the altered effectivity of T cells in vivo might be a secondary 
effect of the suboptimal initial neutrophil recruitment.

Nevertheless, in vitro Eap also directly affected proliferation of peripheral blood 
mononuclear cells (PBMC; consisting for about 50-70% of T cells)65. Low doses de-
creased proliferation, whereas high doses increased proliferation. Besides the inhibition 
of NSPs/chymase, this is the only process also infl uenced by the single domains of Eap51. 
It would not be surprising if EapH1 and EapH2 would show the same effects, since they 
much resemble the individual domains of Eap. If so, the mechanism cannot be mediated 
by NSPs, nor chymase, because they were absent in this assay. Therefore, the observed ef-
fect could be caused by an entirely different mechanism. Alternatively, possible inhibition 
of the homologous granzymes, which are present within PBMCs, might have infl uenced 
the PBMC proliferation.

Role of EAPs in human infections
Even though it is well-known that mice are not an optimal model system for S. au-

reus infection66,67, hitherto, all observations of Eap virulence comes from mouse infec-
tion models. The evidence for Eap functions in human infections is scarce. However, 
we expect an important role in infection, since about 98% of all clinical isolates encodes 
Eap68, and 100% of the sequenced strains encodes two or more EAPs (NCBI, BLAST). 
Moreover, expression of Eap was detected in human wounds, with higher expression in 
deep vs. superfi cial wounds33, which increases the likelihood of an important function in 
that niche. Furthermore, antibodies against all three EAPs were detected in normal human 
serum (Stapels and Rooijakkers, unpublished results), suggesting that at any stage of col-
onization or infection these immunogenic proteins are expressed.

Conclusions
Our identifi cation of EAPs as NSP inhibitors shows a new reason for why the EAPs 

might be so well-conserved amongst S. aureus strains. Although inhibition of NSPs will 
have infl uenced the outcome of previous in vivo studies, the relative role of all the func-
tions described for Eap should still be addressed. Altogether, the various phenotypes ob-
served in the different infection models (bacterial survival, abscess formation, wound 
healing, and T-cell activity) might for a large part be evoked by Eap’s initial inhibition of 
neutrophil recruitment and its inhibition of neutrophil activities (phagocytosis and NSP 
activity). Moreover, NSP inhibition is the fi rst known function for the two Eap-homol-
ogous proteins, EapH1 and EapH2. Therefore, these proteins might be used in future 
studies to dissect which functions of Eap infl uence outcome of infection most: adherence 
and complement inhibition (only inhibited by Eap), or NSP and chymase inhibition (also 
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inhibited by EapH1 and EapH2). The fact that also EapH1 and EapH2 are so well-con-
served, underlines the hitherto debatable function of NSPs in staphylococcal infections. 
Blocking the detrimental effects of EAPs during S. aureus infection might restore the 
natural role of NSPs, by which the immune system will be better equipped to fi ght this 
bacterium. Moreover, immune diseases that are exaggerated by uncontrolled activity of 
NSPs (for example, chronic obstructive pulmonary disease, cystic fi brosis, acute lung 
injury), might benefi t from specifi c NSP inhibition. Direct use of EAPs in the treatment 
of these lung diseases will be impossible due to the pre-existing high titers of antibodies 
in all humans. However, the EAPs do highlight a new mechanism of inhibition for NSPs, 
which might be employed to design new therapeutic NSP inhibitors.
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IN HET KORT 
In je lichaam komen duizenden bacteriesoorten voor waar je normaal gesproken geen last 
van ondervindt en die zelfs nodig zijn om je lichaam goed te kunnen laten werken. Eén 
van die bacteriën op je huid is Staphylococcus aureus. Helaas kan deze, wanneer je huid 
beschadigd is, gemene wondinfecties veroorzaken. Waar binnengedrongen bacteriën nor-
maal gesproken worden de opgeruimd door ons immuunsysteem, blijkt Staphylococcus 
aureus extreem goed in staat om dit immuunsysteem te ontwijken. In dit proefschrift 
hebben we specifi ek onderzocht hoe Staphylococcus aureus ons aangeboren immuun-
systeem, de snelst werkende tak van de menselijke afweer, ontwijkt. Twee belangrijke 
onderdelen van dit aangeboren immuunsysteem zijn de witte bloedcellen (onder andere 
neutrofi elen) en een cascade van stoffen die neutrofi elen helpen hun werk te doen (de 
complement cascade). In dit proefschrift laten we zien dat Staphylococcus aureus drie 
verschillende stoffen maakt (EAP eiwitten) die zowel functies van de neutrofi el zelf, als 
de complement cascade blokkeren. Op deze manier verzekert de bacterie zich ervan dat 
hij kan overleven in het lichaam van een patiënt. De nieuwe kennis die we hier opge-
daan hebben, kunnen we later hopelijk gebruiken om medicijnen te ontwikkelen tegen 
Staphylococcus aureus. Bovendien, kunnen we hopelijk van de EAP eiwitten leren hoe 
we ons immuunsysteem kunnen remmen als het per ongeluk overactief is zoals in de 
longen van rokers, of patiënten met COPD. 
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Introductie
Ons immuunsysteem beschermt ons tegen allerlei ziekteverwekkers, waaronder bacteri-
en, die in eerste instantie worden afgeweerd door ons aangeboren immuunsysteem. Dit 
systeem herkent globale patronen op bacteriën, waardoor het snel, binnen enkele minu-
ten, kan reageren. Belangrijke onderdelen van het aangeboren immuunsysteem zijn de 
complement cascade en de witte bloedcellen.

De complement cascade bestaat uit ongeveer 20 serumeiwitten die samenwerken om bac-
teriën te markeren en op te ruimen. Het kan worden geactiveerd via drie routes: de klas-
sieke, lectine, en alternatieve route. Alle drie zullen ze er uiteindelijk voor zorgen dat het 
eiwit C3 geknipt wordt, waarbij een klein deel vrij komt (C3a) dat later immuuncellen aan 
kan trekken (chemotaxie), en een groter deel (C3b) dat op de bacterie afgezet wordt, zo-
dat immuuncellen de bacterie kunnen herkennen en opnemen. Verder in de cascade wordt 
C5 geknipt tot C5a, dat ook chemotaxie bevordert, en C5b, dat uiteindelijk met C6-9 een 
porie kan vormen om bacteriën te doden. Helaas is de bacterie waar wij onderzoek naar 
gedaan hebben (Staphylococcus aureus) ongevoelig voor deze porie. 

Neutrofi elen zijn de meest voorkomende witte bloedcellen. Hun kracht ligt in hun aantal 
en de snelheid waarmee ze bij de infectie kunnen zijn, onder andere aangetrokken door 
het gevormde C5a. Op de plaats van infectie kunnen ze bacteriën op drie manieren on-
schadelijk maken: 1) opnemen en daarna doden (fagocytose); 2) de antibacteriële eiwitten 
uit hun intracellulaire blaasjes (granula) vrij laten komen (degranuleren); 3) netten van 
DNA en antibacteriële eiwitten uitgooien, waarin bacteriën gevangen kunnen worden 
(NET vorming). Binnen al deze processen spelen de antibacteriële eiwitten uit de neutro-
fi el granula een belangrijke rol, waaronder de  neutrofi el serine proteases (NSPs). Deze 
groep enzymen kan talloze andere eiwitten afbreken en bestaat uit neutrofi el elastase 
(NE), cathepsine G (CG) en proteinase 3 (PR3). 

De Grampositieve bacterie Staphylococcus aureus leeft bij 30% van de populatie achterin 
de neus en op de huid. Normaliter heb je hier geen last van, maar bij een wondje of een 
verminderde werking van je immuunsysteem kan deze bacterie nare infecties veroorza-
ken, zoals longontsteking, botontsteking en sepsis. Doordat S. aureus in vaak resistent 
is voor meerdere antibiotica en recente pogingen om een vaccin te maken onsuccesvol 
bleken, is het noodzakelijk om nieuwe medicijnen te ontwikkelen. 

Eén van de redenen waardoor S. aureus zo goed in het menselijk lichaam kan overleven, 
zijn de talloze eiwitten die hij uitscheidt om ons immuunsysteem te ontwijken. Omdat 
NSPs zoveel functies hebben in de afweer tegen bacteriën, hebben wij onderzocht hoe S. 
aureus zich specifi ek tegen deze NSPs wapent.
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Dit proefschrift
In HOOFDSTUK 2 beschrijven we dat S. aureus drie eiwitten uitscheidt die specifi ek de acti-
viteit van de NSPs remmen. Deze eiwitten vormen de familie van extracellulaire adheren-
tie eiwitten (EAPs), die bestaat uit Eap (53 kDa), en twee kleinere homologen EapH1 (12 
kDa) en EapH2 (13 kDa). Een kristalstructuur van EapH1 gebonden aan NE heeft laten 
zien dat de remming veroorzaakt wordt door non-covalente binding van EapH1 vóór het 
katalytische deel van NE. Omdat zowel de drie NSPs, als de drie EAPs onderling veel 
op elkaar lijken, gaan we er vanuit dat het mechanisme van remming voor alle mogelijke 
combinaties vergelijkbaar is.

In HOOFDSTUK 3 hebben we verder ingezoomd op het mechanisme waarmee de NSPs 
geremd worden door de EAPs. Wonderlijk genoeg lijken de EAPs, voor zover we dit nu 
kunnen concluderen, elk op een verschillende manier NSPs te remmen. Verder laten we 
in dit hoofdstuk zien dat een ander enzym, mestcel chymase, ook geremd wordt door de 
EAPs, terwijl neutrofi el serine protease 4 (NSP4) alleen door Eap geremd kan worden. 

In HOOFDSTUK 4 hebben we onderzocht waarom S. aureus zoveel energie zou steken in 
het maken NSP remmers, omdat nooit onomstotelijk bewezen was dat NSPs belangrijk 
waren in S. aureus infecties. Hier laten we zien dat NSPs normaliter bacteriële virulen-
tiefactoren afbreken, waardoor andere delen van het immuunsysteem meer kans hebben 
om de infectie op te ruimen. Echter, wanneer tijdens een infectie met S. aureus de EAPs 
aanwezig zijn, worden de andere virulentiefactoren beschermd tegen de NSPs, waardoor 
deze bacterie zijn virulentie behoudt.
 
In HOOFDSTUK 5 laten we zien dat Eap nog een andere functie heeft, namelijk het remmen 
van complementactivatie. Doordat Eap bindt aan C4b, is het daarna onmogelijk om het 
C3 convertase te vormen van de klassieke en lectine activatieroutes. Hierdoor wordt er 
minder C3b op de bacterie afgezet, en wordt hij minder goed gedood door neutrofi elen.

In HOOFDSTUK 6 hebben we twee andere processen onderzocht waarop de EAPs zouden 
kunnen ingrijpen om de afweer tegen S. aureus zouden kunnen beïnvloeden: NET vor-
ming en chemotaxie van neutrofi elen. Beiden worden door de EAPs beïnvloed, maar op 
welke manier is nog niet precies bekend. 

In HOOFDSTUK 7 hebben we tenslotte vergeleken waarom en hoe andere bacteriën zich 
gewapend hebben tegen de NSPs (PART I). Vervolgens hebben we een overzicht gemaakt 
van alle functies die beschreven zijn voor de EAPs en beredeneerd welk effect die gehad 
kunnen hebben op de uitkomst van verschillende in vivo experimenten (PART II).

Concluderend heeft dit proefschrift laten zien dat S. aureus drie specifi eke remmers van 
NSPs maakt (EAPs) en dat het zich verder wapent tegen complement activatie door de C3 
convertases van de klassieke en lectine activatieroutes te remmen. Vooral het feit dat S. 
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aureus remmers maakt van de NSPs impliceert dat deze enzymen belangrijker zijn voor 
de afweer tegen S. aureus dan hiervoor gedacht werd. Hopelijk kan deze kennis in de 
toekomst helpen S. aureus infecties beter te behandelen of te voorkomen. Verder zouden 
deze eiwitten misschien de basis kunnen vormen voor klinische remmers van NSPs, die 
belangrijk zijn om ziekten te behandelen waar de NSPs overactief zijn, bijvoorbeeld bij 
chronische longziekten. 
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DANKWOORD 
Zo. Dat zit erop. Meer dan vier jaar proeven doen, nadenken, schrijven. Maar gelukkig 
heb ik van vele kanten hulp gehad. Daarom wil ik op deze pagina tegen iedereen die ge-
holpen heeft dit proefschrift tot stand te brengen zeggen: Duizend maal bedankt! 

Daarmee is een dankwoord in de meest letterlijke zin van het woord af. Maar natuurlijk 
zijn er een aantal personen die bijzonder veel bijgedragen hebben en ik daarom 

persoonlijk wil bedanken. 
Jos, NETs waren toch wel zo intrigerend dat ik direct geïnteresseerd was in het stageproject 
dat me je aanbood. Kort daarna hoorde ik mezelf op een borrel spontaan antwoorden dat 
ik na deze stage wel verder wilde in het onderzoek. Bedankt voor al je hulp op de cruciale 
momenten die volgden: je vertrouwen, je schema’s op A3’tjes (volgens mij tekende je de 
layout van dit boekje twee jaar geleden al zo) en een hart onder de riem bij presentaties.
Suzan, eerst stagebegeleider en toen je Vidi binnen was copromotor. Waar dit onderzoek 
begon als jouw project, is het gaandeweg toch mijn project geworden. Bedankt voor alle 
begeleiding hierbij. Of het nu ging om het plannen van de proeven, het (voor mijn gevoel 
eindeloos) corrigeren van tekst, of het bedenken van wat hierna zou kunnen komen, je was 
altijd bereikbaar. 
Kok, bij jou kon ik altijd aankloppen voor goede raad. Het uitdenken van een nieuwe proef-
opzet, oplossingen bedenken bij onverwachte resultaten, of een helpende hand bieden in 
een poging monoclonalen te maken, wat fi jn dat je daar altijd beschikbaar voor was.

Another set of people has been essential for both the design of the experiments and the 
practical work. 

Brian, thank you for the great collaboration during the past few years! Your enthusiasm is 
infectious and really helped the project forward. Thanks for your lengthy emails (all your 
hypotheses and thoughts, but also your interest in the Dutch soccer team and your stories 
about American winter), and your patience with my lack of knowledge of basic chemistry. 
Hopefully this project will not end with this thesis being fi nished.
Maren, vielen Dank! For all the time you invested from San Diego in the NET project 
and later on in the experiments in Hannover. I really enjoyed working with you and the 
opportunity to visit your lab. Off course also many thanks to the rest of the Hannover lab. 
Sandra, du bist so süß mit den Mäusen und so gut organisiert dass zusammenarbeiten mit 
dir wirklich Spaß gemacht hat. Rike, thanks for your help in the lab and for continuing with 
the experiments when I left. And to all the other colleagues, hopefully we will see each 
other soon somewhere at a conference. I am really glad I got to know you!
Prof. Mathias Herrmann and Dr. Markus Bischoff, thank you for kick-starting this pro-
ject by sharing your  protein mutants and for the helpful discussions afterwards.
Maartje, zonder jou was dit boekje maar half zo dik geweest. De effi ciëntie waarmee jij 
fi guren bij elkaar pipetteert en je ervaring met complementproeven hebben veel toege-
voegd. Maar wat was ik vooral blij toen jij je verdiepte in de problemen met de knockouts! 
Annemarie, Piet, Erik, Fin, Carla, allemaal hebben jullie in het lab geholpen de eiwit-
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ten, constructen, en fi guren te maken die er nu liggen. Super bedankt! Studenten, Lisette, 
Wilco, “JB” Aernoud, Angelino, ook jullie werk is in dit boekje terecht gekomen, bedankt 
voor jullie enthousiasme. En  mannen van de mediaroom, de ICT en het magazijn, super 
bedankt voor alle organisatie achter de schermen. Karlijn, naast alle dingen die jij wel even 
uit wilde zoeken, was het ook heerlijk om even over andere dingen bij te praten.
Evelien en Steven, super fi jn dat jullie mijn paranimfen willen zijn! En dat met jullie eigen 
drukke agenda’s. Evelien, samenwerken begon met de wekelijkse skype sessies tussen 
Utrecht en San Diego (voor ons bijna weekend, voor jullie bij de eerste koffi e op vrijdag-
ochtend). Bedankt voor je super gastvrije ontvangst in San Diego en voor alle gedeelde 
smart in de jaren als OIO. Steven, sinds het begin van de master op elke labbench naast 
elkaar: de gezelligheid tijdens incubatiestappen, veel ‘muziek’ op vrijdagmiddag en de 
enerverende discussies. Dank je wel, ik had het niet willen missen.

Natuurlijk ontstaan de beste ideeën niet door alleen achter de computer te zitten. Daarom 
wil ik iedereen van de MMB bedanken voor alle gezellige ontmoetingen, ’s morgens 

wakker worden met een straffe bak, de nuttige werkbesprekingen op dinsdagochtend en 
natuurlijk de Koepel- en promotiefeestjes. Maaike, Manouk, Reindert, Steev en Claudia, 
super bedankt voor jullie logeerbedden, die vooral de “day after” een stuk productiever 
maakten!
Kamergenootjes van G04.560: Anna, Anne, Annemarie, Evelien, Maaike, Nienke, Sue, 
Tamara, Ron en Jasper, ondertussen is het echt geen meidenkamer meer, maar ik heb goede 
herinneringen aan het kaasfonduen, ons Thanksgiving dinner en alle koppen thee en cho-
cola die er doorheen gegaan is.
Alle (oud)OIOs: bedankt voor de super sfeer! Berichtjes van de ‘coffee mailing list’ (die 
kwamen de productiviteit niet altijd ten goede), afmattende fi etstochten door heel Nederland 
(helaas was ik er het laatste jaar niet meer zoveel bij), ICEA uitjes (alles kwam toch altijd 
op zijn pootjes terecht) en de vele spontane vrijdagmiddagborrels; ik kijk er met plezier op 
terug. En ook alle I&I OIOs, bedankt voor de goede discussies en feestjes bij de retraites.

Kennis van de inhoud is zeker niet altijd nodig om bij te dragen aan een project. Denise, 
Elise, Rianne, Leonne, al meer dan 10 jaar mijn beste vriendinnen. Iedereen is zijn 

eigen weg gegaan, maar toch weten we elkaar nog steeds te vinden. En deze zomer eindelijk 
weer samen op vakantie!
Pap en mam, bedankt voor alle bagage om dit project succesvol af te kunnen ronden. Ik 
hoop dat ik met dit boekje de gunst eindelijk terug heb kunnen doen; ik hoop dat ik jullie 
wat heb kunnen leren. Simone, Yorick, bedankt voor de momenten samen, hopelijk volgen 
er nog veel meer in jullie nieuwe huisjes. 
Tinus, mijn rots in de branding. Je bent het forenzen dubbel en dwars waard en hebt het 
afronden van dit boekje een stuk makkelijker gemaakt. Nu op naar een nieuwe uitdaging. 
Ik hoop nog vele jaren lief en leed met je te mogen delen. 

Daphne
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